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ABSTRACT  
   
Nowadays there is a pronounced interest in the need for sustainable and 
reliable infrastructure systems to address the challenges of the future 
infrastructure development. This dissertation presents the research associated with 
understanding various sustainable and reliable design alternatives for water 
distribution systems. Although design of water distribution networks (WDN) is a 
thoroughly studied area, most researchers seem to focus on developing algorithms 
to solve the non-linear hard kind of optimization problems associated with WDN 
design. Cost has been the objective in most of the previous studies with few 
models considering reliability as a constraint, and even fewer models accounting 
for the environmental impact of WDN. The research presented in this dissertation 
combines all these important objectives into a multi-objective optimization 
framework. The model used in this research is an integration of a genetic 
algorithm optimization tool with a water network solver, EPANET.  The 
objectives considered for the optimization are Life Cycle Costs (LCC) and Life 
Cycle Carbon Dioxide (CO2) Emissions (LCE) whereby the system reliability is 
made a constraint. Three popularly used resilience metrics were investigated in 
this research for their efficiency in aiding the design of WDNs that are able to 
handle external natural and man-made shocks. The best performing resilience 
metric is incorporated into the optimization model as an additional objective. 
Various scenarios were developed for the design analysis in order to understand 
the trade-offs between different critical parameters considered in this research. An 
approach is proposed and illustrated to identify the most sustainable and resilient 
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design alternatives from the solution set obtained by the model employed in this 
research. 
 The model is demonstrated by using various benchmark networks that 
were studied previously. The size of the networks ranges from a simple 8-pipe 
system to a relatively large 2467-pipe one. The results from this research indicate 
that LCE can be reduced at a reasonable cost when a better design is chosen. 
Similarly, resilience could also be improved at an additional cost. The model used 
in this research is more suitable for water distribution networks. However, the 
methodology could be adapted to other infrastructure systems as well. 
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CHAPTER 1: INTRODUCTION 
1.1 Background  
Water is a valuable resource that is essential for the survival of mankind. It 
plays an important role in the world’s economy as it acts as a solvent for a variety 
of chemicals and facilitates industrial cooling, transportation and irrigational 
needs. Although water covers 70.9% of the earth’s surface, very limited quantity 
is available for drinking purposes (CIA, 2011). Ninety seven percent of the water 
on our planet is held in oceans as salt water leaving only 3% fresh water of which 
over two thirds is frozen and locked in glaciers and polar ice caps (Gleick, 1993). 
The remaining amount is mainly found underground with a small fraction 
available above ground either flowing on the surface in the forms of rivers, lakes 
and ponds, or in the atmosphere in the form of vapor and clouds. Fresh water is a 
renewable resource that tends to evaporate and gets redistributed all around the 
globe through precipitation. The problem is that the water is not distributed 
evenly, with rainfall and runoff varying in space and time in an irregular manner. 
Therefore, water needs to be stored when and where it is available so that it could 
later be used on demand and at places where it is not so readily available. Due to 
the wide dispersion of the human population, water needs to be transported to 
consumers from the water bodies or the storage facilities. Depending on its end 
use, water has to be treated to a certain extent before transporting it to the end 
users. The treatment, storing and transportation of water require major 
infrastructure facilities. Water is typically treated in water treatment plants where 
various chemical procedures are used to purify it to the extent required for 
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drinking purposes as specified by the Environmental Protection Agency (EPA). 
Water is typically stored in reservoirs or tanks and transported through pipelines 
for residential and industrial usage. The infrastructure that carries water from the 
treatment facilities to the consumers is known as water distribution system or 
water distribution network (WDN). WDNs are mainly composed of elements such 
as pipes, tanks, reservoirs, valves, and pumps depending on the particular needs. 
In 2010, about 84% of the global population had access to piped water whereas 
about 14% had to use unprotected wells or springs, canals, lakes or rivers for their 
water needs (WHO/UNICEF, 2010). 
Distribution networks account for up to 80% of the total expenditure 
involved in water supply systems (Kleiner and Rajani, 2001). Among the different 
components of a water distribution system, the interconnecting pipes that 
transport water from supply points to demand points account for most of the 
expenditure (Mohan and Jinesh, 2010). The length of water pipes in the United 
States is about 880,000 miles and the estimated replacement cost for such length 
is $348 billion as reported by Kirmeyer et al. (1994). Besides capital costs, water 
distribution infrastructure systems also incur huge operational costs mainly due to 
the cost of energy that is used in pumping water from greater depths and 
transporting it to farther distances. 
The climatic changes and increased atmospheric temperatures are 
generally attributed to the greenhouse gas effect. Some of the impacts of climate 
changes could affect human health, food security, water resources, and 
ecosystems. Subsequently, there has been a constant focus especially in the last 
3 
two decades on reducing the greenhouse gas effects by encouraging people to 
consider sustainable alternatives such as using renewable energy. The share of 
global greenhouse gas emissions in 2004 is illustrated in Fig. 1. It can be 
concluded from Fig. 1 that CO2 emissions from fossil fuel usage account for the 
major share (56.6%) of greenhouse gas emissions globally. Table 1 illustrates the 
amount of CO2 emissions from various sources in the United States. It is also 
reported that 83% of United States’ greenhouse gas emissions contain CO2 
emissions (U.S. EPA, 2011). Based on the above numbers, the conclusion can be 
made that CO2 emissions play a very significant role in negatively affecting our 
environment which is why they are used as an index for environmental impact. 
Water supply and waste water disposal are both energy intensive 
processes. The collection, distribution and treatment of drinking water and 
wastewater nationwide tend to consume tremendous amounts of energy (about 4% 
of the nation’s electricity) and release approximately 116 billion pounds of carbon 
dioxide (CO2) per year which on an annual basis is equal to the pollution caused 
by 10 million cars (NRDC, 2009). These estimates do not include the emissions 
resulting from the construction and repair of these large infrastructure facilities. 
As supported by the above figures, a strong assertion can be made that these 
infrastructure facilities contribute significantly towards the greenhouse gas effect 
by further polluting the environment. 
Traditionally, the energy consumed or the emissions related to water 
supply systems were not considered as factors in the design process. As a result, 
these systems tend to consume more energy than the optimal required amounts 
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which makes them less sustainable. A better design of these water infrastructure 
systems could no doubt achieve substantial energy savings through reducing 
emissions at a reasonable cost. This research investigates the alternatives for 
designing such water distribution systems considering CO2 emissions and costs 
together as objectives. 
 
Figure 1. Share of global greenhouse gases in 2004 (IPCC, 2007) 
Reliability is another important aspect of critical infrastructures in the 
context of extreme natural and man-made disastrous events. Traditionally, 
reliability was not a priority in the design of critical infrastructure systems. 
However, recent years have seen increased emphasis on the improvement of 
reliability of critical infrastructure systems, especially after witnessing the 
cascading effects of the 9/11 terrorist attacks in New York, Hurricane Katrina and 
the 2011 earthquake in Japan. There is no single definition of reliability in the 
CO2 Fossil 
Fuel Use, 
56.60%
CO2 (other), 
2.80%
CO2
(deforestation, 
decay of 
biomass, etc), 
17.30%
CH4, 14.30%
N2O, 7.90%
F-gases, 
1.10%
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context of water distribution systems. Various previous researchers have defined 
and quantified reliability in different ways. Reliability is considered as a 
constraint as well as an objective in this research along with CO2 emissions and 
costs for the design of water distribution networks. 
The planning process for the water distribution system design involves 
determination of average and peak demands, system layout with optimal 
dimensions for system components such as pipes, pumps, valves and tanks as well 
as optimal operational parameters. The wide range of possible combinations of 
pipe material, diameter, pump capacities and tank sizes would make the design 
process very complicated requiring efficient optimization techniques. 
Optimization is vital to any problem involving critical decision making. The final 
design should reflect the best interests of the society. Considering the ever 
growing concerns about carbon emissions and the scarcity of renewable energy, it 
is the responsibility of engineers to design systems that are sustainable and 
reliable, i.e. resulting in least cost and causing least harm to the environment and 
society while being reliable at an acceptable level for the entire life cycle period 
during both normal and extreme conditions. That is why this research presents a 
multi-objective genetic algorithm optimization tool for the design of water 
distribution systems by minimizing life cycle costs and life cycle carbon 
emissions while maintaining acceptable system reliability throughout its entire 
life time. Optimal water distribution network design is a computationally complex 
problem that falls under the category of non-linear hard problems. Due to its non-
linear nature, it is difficult to find the global optimal solution by the use of 
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rigorous algorithms. Researchers in the past conducted many studies in the area of 
optimal design of water distribution networks. Various techniques were employed 
for the optimization in the field of water distribution network design. Stochastic 
optimization techniques such as genetic algorithms were reported to have yielded 
best results in such cases. The tool presented in this paper utilizes a multi-
objective genetic algorithm technique in combination with water distribution 
simulation software, EPANET, for the design of sustainable and reliable water 
distribution networks. The model presented here is demonstrated by using a set of 
benchmark water distribution networks commonly used in the previous studies. 
1.2 RESEARCH OBJECTIVES 
The primary objective of this research is to develop an understanding of 
various sustainable and reliable design alternatives for water distribution 
networks. In achieving this objective, three major components have been 
identified as sub-objectives. They are as follows: 
1. Develop a multi-objective optimization framework that is able to perform 
optimal design analysis for water distribution networks. 
2.  Create various scenarios aimed at understanding the trade-offs between 
different critical parameters for the design of water distribution networks 
using the multi-objective optimization framework. 
3. Investigate the efficiency of resilience as a metric for reliability and 
incorporate it as an additional objective within the multi-objective 
optimization framework.  
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Table 1. Recent trends in U.S CO2 emissions in Tg of CO2 or million metric tons CO2 (U.S EPA, 2010) 
Source 1990 1995 2000 2005 2006 2007 2008 
Fossil Fuel Combustion 
- Electricity Gen. 
- Transportation 
- Industrial 
- Residential 
- Commercial 
- U.S Territories 
 Other 
4,735.7
1,820.8
1,485.8
845.4 
339.1 
216.7 
27.9 
365.1 
5,029.5
1,947.9
1,608.0
862.6 
353.3 
223.2 
34.5 
397.8 
5,593.4
2,296.9
1,809.5
852.2 
371.2 
227.7 
35.9 
383.8 
5,753.3 
2,402.1 
1,895.3 
825.6 
358.4 
221.3 
50.6 
355.1 
5,652.8
2,346.4
1,876.7
850.7 
322.1 
206.0 
50.9 
364.4 
5,757.0
2,412.8
1,893.7
842.2 
341.7 
217.4 
49.1 
363.2 
5,572.8
2,363.5
1,785.3
819.3 
342.7 
219.5 
42.5 
348.4 
Total CO2 Emissions 5,100.8 5,427.3 5,977.2 6,108.4 6,017.2 6,120.2 5,921.2
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The model developed in this research can be applied in designing water 
distribution networks by minimizing life cycle costs and life cycle CO2 emissions 
while maximizing system reliability or resiliency. This tool could be customized 
to the requirements of the design engineers by defining custom parameters to 
optimize or constrain in the course of the design process. Additionally, the 
developed model provides various non-dominant practical alternatives which 
could be utilized by design engineers in selecting the approach that would suit 
best the needs of a particular project. 
1.3 RESEARCH METHODOLOGY 
A quasi-experimental methodology is used in this research to achieve the 
proposed objectives. The model is developed by modifying and enhancing an 
existing genetic algorithm-based optimization model. It is in fact an integration of 
an optimization tool with simulation software for checking the quality of the 
solutions. The developed model is then used to design a set of benchmark water 
distribution networks that were widely applied by previous researchers. Computer 
based design simulations were carried out using the model to an extent necessary 
to make the required observations for this research. For investigating the most 
efficient resilience metric, a set of benchmark water distribution networks were 
initially designed based on the multi-objective optimization model. All the non-
dominant design solutions were then analyzed to provide an understanding of the 
system’s performance for various simulated states of failure. The findings are 
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validated by comparing the optimization results from this research with the 
previous models. 
1.4 ORGANIZATION OF THE THESIS 
This thesis is divided into seven chapters. Chapter 2 reviews the body of 
work done by various other researchers in the area of water distribution network 
design. It also establishes the need for this research by showing the difference 
between what had been done earlier and what is being proposed in this research. 
 Chapter 3 provides a detailed explanation of the model developed in this 
research. It gives an introduction to genetic algorithms followed by a 
demonstration of their usage. The GANetXL tool is explained along with its 
integration with the water distribution network solver, EPANET. 
Chapter 4 deals in detail with the quantification of various parameters or 
optimization objectives considered in this research such as life cycle costs, life 
cycle CO2 emissions, and system reliability. Each of these parameters is classified 
into various sub-parameters for their evaluation. It also formulates the 
optimization problem identifying objectives and constraints. Highlighted are 
various scenarios developed in this research for understanding the trade-offs 
between the individual parameters. 
Chapter 5 presents the demonstration of the model on two benchmark 
water distribution networks. Results are provided and discussed for the two 
benchmark networks. 
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Chapter 6 investigates the resilience metric as an alternative to system 
reliability. A computationally intensive analysis is performed to identify the most 
efficient resilience metric of the three existing popular metrics. Upon identifying 
the best metric, it is then incorporated into the multi-objective formulation as the 
third objective. The three-objective optimization is demonstrated using another 
water distribution network and the results are analyzed to identify the most 
sustainable and resilient design alternatives. 
Chapter 7 concludes this research with the summary of the findings along 
with their relevance. It is followed by explanation of the limitations of this 
research and recommendations for future research efforts based on the current 
findings.  
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CHAPTER 2: LITERATURE REVIEW 
2.1 Introduction 
The early research in the area of optimal water distribution network 
(WDN) design dates back to 1960’s. Since then numerous researchers have 
developed models for the optimal design of WDNs considering various objectives 
and constraints. The computational complexity combined with engineering 
constraints has interested many researchers to develop better algorithms to attain 
the global optimal solution. However, there is no substantial evidence available in 
the literature that any particular algorithm guarantees a global optimal solution. 
This chapter provides an overview of previous work performed in the areas of: a) 
Optimization studies in WDN design; b) Reliability studies in water distribution 
infrastructures; and c) Resiliency studies in water distribution infrastructures.  
2.2 Optimization Studies in Water Distribution Network Design 
Optimization is often used in systems analysis where critical parameters 
such as costs are expected to be minimized. Optimization plays a key role in 
engineering applications such as planning, designing, manufacturing, and 
operational processes. A variety of optimization tools are available for researchers 
depending on the type of the problem. Various approaches such as deterministic, 
stochastic and heuristic methods have been employed in the design of optimal 
WDNs in the past. These approaches are classified in this overview as: a) Linear 
and Non-linear Models; b) Meta-heuristic models.  
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2.2.1 Linear and Non-linear Models 
The early work in the area of optimal design of WDNs dates back to 1964 
when Shamir (1964) developed a model which utilized a gradient-like technique 
for the optimization of cost considering pipe diameters as the decision variables. 
Newton-Raphson method was used to obtain a steady state hydraulic solution. 
This model is followed by Pitchai (1966) model which used a random sampling 
technique to search for the optimal diameters of a pipe network. Jacoby (1968) 
treated the same problem by applying nonlinear integer programming techniques 
(numerical gradient technique). Numerical gradient technique is an approximate 
gradient of the objective function that is computed by making small moves around 
the current design point and evaluating the objective function at these points. 
Diameters were considered to be continuous variables and the solution set is 
rounded off to the nearest available commercial diameters. This rounding off may 
make the design infeasible and needs to be adjusted. Karmeli et al. (1968), Gupta 
(1969) and Gupta et al. (1972) dealt with branched water networks. Since the 
resistance to flow and cost are proportional to the length, they modeled the 
problem as a linear programming problem by considering pipe lengths as decision 
variables. The set of diameters is fixed in advance and the model is repeated for 
various set of diameters to obtain the best cost design. Kally (1972) extended the 
method to looped networks using the same decision variables (pipe lengths) and 
initial cost as the objective function. The effect of changes in the decision 
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variables on the node heads cannot be computed in the looped networks and 
subsequently Kally (1972) derived them through iterative procedures.  
Early study into the design of optimal water distribution networks is 
divided into branched and looped water distribution systems. Branched water 
distribution networks are commonly used for small communities and for industrial 
and agricultural supplies (Bhave, 2003). The current research deals with the more 
popular and complicated looped water distribution systems. Unlike branched 
system, in a looped system, a number of distributions of flow in the network can 
meet the demand pattern. Also, from an engineering perspective, least cost 
optimization of looped systems might reduce redundancy and there by reliability 
of the system.  
Watanatada (1973) improved the model of Jacoby (1968) by adding the 
constraints of specified demand flow rate and minimum nodal pressures. Shamir 
(1974) extended the model of Watanatada (1973) by considering multiple loading 
conditions for design and operation of the network. Alperovits and Shamir (1977) 
used linear programming approaches for designing water distribution networks. 
The solution is obtained through a hierarchical decomposition of the optimization 
problem. For each flow distribution, other decision variables are optimized by 
linear programming. Quindry et al. (1981) proposed a similar formulation as 
Alperovits and Shamir (1977) using nodal heads as the decision variables in the 
gradient method of determining the minimum cost. A major limitation of 
application of linear programming techniques for water distribution network 
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design is that the problem is non-linear in nature and subsequently linear methods 
do not result in global optimal solutions. To overcome the limitations of linear 
programming techniques many researchers have developed approaches to move 
towards global optimum (Featherstone and El-Jumaily 1983; Fujiwara and Khang 
1987). Lansey and Mays (1989a) formulated a general water distribution network 
problem and used a similar technique as Shamir (1974) for solving the non linear 
optimization problem. A network solver is integrated with the optimization model 
so that the hydraulic constraints considered in the model of Shamir (1974) could 
be avoided in the model. The optimization problem is solved by generalized 
reduced gradient (GRG) method. Similar to the model developed in this research, 
Lansey and Mays (1989a) model arrives at a set of decision variables that is 
passed on to the network solver. The network solver analyzes the network with 
the set of diameters and evaluates nodal pressures. This information is passed 
back to the optimizer for changing the diameter set if it is required. The algorithm 
stops when the minimum network cost is derived while satisfying the hydraulic 
constraints (nodal pressures).  
Fujiwara and Khang (1987) applied a quasi-Newton method for the 
gradient direction and the convergence rate of this technique is shown to be faster 
than the earlier linear programming methods. Fujiwara and Khang (1990) used a 
non-linear programming gradient (NLPG) method for the optimal design of a 
looped water distribution network. The problem is divided into two phases with 
the first phase arriving at a local optimal solution by following the gradient 
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method using optimal Lagrange multipliers. In the second phase, the optimal 
solutions obtained in the first phase are improved by solving for link flows and 
pumping heads by keeping the head losses obtained from first phase constant. 
Eiger et al. (1994) discussed the complexity associated with non linear and non-
convex problems such as the one considered in this research. Eiger et al. (1994) 
argued that the gradient of the objective function does not always exist. Eiger et 
al. (1994) applied a non-smooth optimization algorithm using duality theory for 
computing the bound on the solution.  Morgan and Goulter (1985) proposed a 
heuristic linear programming formulation, linked to a network solver, for 
optimizing the layout, design and expansion of a water distribution network under 
multiple loading conditions.  
Most of the early work in the area of optimal design of water distribution 
networks used linear programming and non-linear programming techniques for 
designing water distribution networks that are classified as complicated non-linear 
hard problems. The non linear optimization procedures do not necessarily yield a 
global optimum and the final solution depends on the initial input for the solution. 
In addition, the use of discrete variables, such as the market size pipe diameters, 
limits the quality of the optimal solution. Table 2 presents the most popular linear 
and non-linear optimization models in the area of WDN design. The limitations of 
non linear optimization techniques have encouraged researchers to investigate 
meta-heuristic optimization techniques for the design of water distribution 
networks. Since 1990, the application of meta-heuristic methods received great 
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attention for solving WDN optimization problems.  Since then numerous 
researchers have employed meta-heuristic methods for the design optimization 
process of WDNs.  
2.2.2 Meta-Heuristic Optimization Models 
Meta-heuristic designates a computational method that optimizes a 
problem by iteratively trying to improve a candidate solution with regard to a 
given measure of quality. Meta-heuristics make few assumptions about the 
problem being optimized and can search a very large space of possible solutions. 
Many meta-heuristics apply some form of stochastic optimization techniques and 
they do not guarantee a global optimal solution either. “Meta-heuristic” and 
“Stochastic” terms are used interchangeably in this dissertation from here on and 
they both mean the same. Numerous researchers have earlier used stochastic 
optimization techniques in the optimal design of water distribution systems. 
Stochastic optimization methods include genetic algorithms (GAs), simulated 
annealing, harmony search optimization, shuffled frog leaping algorithm, ant 
colony optimization, memetic algorithms and etc. 
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Table 2. Overview of popular linear and non-linear models from the literature 
Research  Methodology/Technique  Comments  
Karmeli et al. (1968)  Linear Programming  To determine flows in a branched WDS 
Alperovits and Shamir (1977)  Linear Programming Gradient method (LPG)  
Optimization of a looped water 
distribution network  
Quindry et al., 1981; Featherstone and El-
Jumaily 1983;  
Fujiwara and Khang 1987  
Linear Programming Gradient  Improvement to be able to attain global optimal solutions  
Shamir 1974;  
Su et al. 1987;  
Lansey and Mays 1989;  
Duan et al. 1990  
Non-linear Optimization 
methods  
NLP methods do not necessarily yield 
global optimal solutions; discrete pipe 
sizes influences the quality of solution 
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 Murphy and Simpson (1992) were the first to use a simple genetic 
algorithm (GA) to the optimal design of WDNs. This model was applied to 
determine the least cost combination of pipe diameters and rehabilitation actions 
for a small two-reservoir, fourteen pipe looped water distribution systems. The 
simple GA was found to outperform other optimization methods in solving this 
small problem. GA uses concepts of population genetics and evolution theories to 
construct algorithms that try to optimize the fitness of a population set through 
recombination and mutation of their genes (Holland, 1975). Simpson et al. (1994) 
used a genetic algorithm for the optimal design of water distribution networks 
with pipes and tanks. Three loading conditions along with minimum nodal 
pressure constraints are considered. The fitness of the solution is determined by 
the cost of the solution vector. GA usually consists of three operations, namely 
reproduction, crossover and mutation. The strings with higher fitness or lower 
cost have higher probability of getting selected into the population set. The GA is 
shown to find the optimal solution in less number of evaluations compared to the 
size of the domain space. Simpson and Goldberg (1994) investigated and 
determined that the use of tournament selection scheme and an adequate 
population size were critical for the performance of the simple GA. Savic and 
Walters (1997) integrated a simple GA with the multi-quality EPANET hydraulic 
network solver and identified that the optimal solution was sensitive to the 
coefficients used in Hazen-Williams’ equation contained in EPANET (Rossman, 
 19 
2000). Lippai et al. (1999) linked EPANET with a number of simple GA based 
optimizers for the optimization of water distribution systems.   
Dandy et al. (1996) provided an improved GA for the water distribution 
pipe network optimization. The improved GA uses variable power scaling of the 
raw fitness function which incorporates competitiveness throughout the GA 
search. This improved GA has reportedly performed significantly better than the 
simple GA and all other traditional optimization methods. Montesinos et al. 
(1999) also proposed an improved GA where some solutions are eliminated in 
each generation. The selected ones are ranked for crossover and the new solutions 
are allowed to undergo mutation at most once. This improved version of the GA 
increased the algorithm convergence.  
Halhal et al. (1997) applied structured messy genetic algorithms (SMGA) 
for the rehabilitation, replacement and expansion of a water distribution network 
with pipes and reservoirs. SMGA mimics the natural evolution of complex life-
forms from single-cell organisms. SMGA is shown to perform better than the 
traditional simple GA. Walters et al. (1999) extended the model of Halhal et al. 
(1997) by including an additional set of decision variables addressing sizing and 
operations of storage tanks and pumping installations. Wu and Simpson (2001) 
applied messy GA for large scale water distribution networks consisting of pipes, 
tanks, valves and pumps.  A network solver is integrated with the GA 
optimization procedure to comply with the hydraulic constraints for each 
generation. Some other models in the literature used improvised GA methods for 
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the design of water distribution networks with demand uncertainties (Babayan et 
al. 2005; Kapelan et al. 2005). The randomness in the model is due to the 
uncertainty of nodal demands.  
 Neelakantan et al. (2008) demonstrated the importance of incorporating 
pipe break repair costs and pipe replacement costs in optimal design of water 
distribution networks. There was a 12.92% cost benefit for the sample network 
used by Neelakantan et al. (2008).  Vasan and Simonovic (2010) recently applied 
a differential evolutionary algorithm (DE), an improved version of GA. The 
principal difference between GA and DE is that GA uses crossover for locating 
better child solutions from two parents, where as DE uses mutation as the primary 
search mechanism. Wu et al., (2010) used a multi-objective genetic algorithm to 
minimize cost and environmental impacts of a water distribution network. GA has 
proven to be successful in arriving at near optimal solutions and they can handle 
discrete pipe diameter with ease (Savic and Walters, 1997). Table 3 illustrates the 
popular genetic algorithm type models from the literature. 
Other meta-heuristic methods include simulated annealing, shuffled frog 
leaping algorithm, ant-colony optimization algorithm and etc. Loganathan et al. 
(1995) and Cunha and Sousa (1999) applied simulated annealing for the optimal 
design of water distribution systems. Geem et al. (2002) developed the harmony 
search optimization approach to solve network design problems while Eusuff and 
Lansey (2003) developed the shuffled frog leaping algorithm. Maier et al. (2003) 
applied the ant colony optimization approach and outperformed GAs both in 
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Table 3. Overview of popular genetic algorithm type optimization models in WDN design 
Research  Methodology/Technique  Comments  
Murphy and Simpson (1992)  Genetic Algorithm  Optimal design of WDS; outperformed other models  
Simpson and Goldberg (1994)  Genetic Algorithm Tournament selection scheme, adequate population size are critical  
Savic and Walters (1997)  GA + EPANET  Optimal solution is sensitive to “C” value in EPANET  
Lippai et al. (1999)  EPANET + GA’s  Several GA’s were used along with EPANET  
Vasan and Simonovic (2010)  Differential Evolution Algorithm  Improved version of GA  
Simpson et al., 1994;  
Wu and Simpson 2001; Neelakantan et 
al. 2008; Deepthi et al. 2009  
GA  WDS optimization problems  
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terms of computational efficiency and their ability to find near global optimal 
solutions. Baños et al. (2007) analyzed the performance of memetic algorithms 
for optimal design of looped water distribution systems and demonstrated that 
they work better for problems of larger size. Mohan and Jinesh (2009) proposed 
to use a heuristics based approach called heuristics based algorithm (HBA) to 
identify the least cost combination of pipe diameters. They demonstrated to show 
that HBA is capable of identifying the least cost combination of pipe diameters 
with less number of evaluations. Mohan and Jinesh (2010) proposed to use a 
honey-bee mating optimization technique, a stochastic optimization algorithm to 
design optimal water distribution networks. Table 4 illustrates other kinds of 
popular meta-heuristic models proposed by previous researchers.  
2.3 Reliability Studies  
The availability of water distribution system in different operational 
conditions such as in the case of emergencies, component failure, and higher 
hydraulic demands is crucial for the smooth running of the system. Recently, 
considerable emphasis has been given to the reliability aspect of water 
distribution systems. Reliability is defined as the probability that a system 
performs its mission within specified limits for a given period of time in a 
specified environment (Su et al., 1987). Reliability indicators are used to evaluate 
the efficiency of water distribution networks in providing water of standard 
quality, sufficient quantity and within appropriate pressure range to the consumers 
in adverse conditions. Currently, there is no standard measure of reliability of 
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Table 4. Overview of popular non-GA heuristic methods for WDN design 
Research  Methodology/Technique  Comments  
Loganathan et al. (1995); 
Cunha and Sousa (1999) Simulated Annealing  
Applied to benchmark networks and 
worked fine  
Geem et al. (2002) 
Geem (2006)  Harmony search optimization  Distinguishing advantageous features  
Eusuff and Lansey (2003) Shuffled frog leaping algorithm  Similar to GA  
Maier et al. (2003)  Ant colony optimization  
Outperformed GA’s in terms of 
computational efficiency and near 
global solutions  
Baños et al. (2007)  Memetic algorithms  Work better than GA in larger network problems  
Mohan and Jinesh (2009) Heuristics based algorithm (HBA)  not optimal solution - less iterations compared to GA  
Mohan and Jinesh (2010) Honey-bee mating optimization technique  Obtain best solution with less iterations 
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water distribution networks. Various types of measures have been proposed by 
previous researchers.  
 As reliability is not a network property that can be measured directly, it 
should be assessed based on other characteristics of the network, which can be 
directly measured or calculated (Tabesh et al., 2009). Breaks are considered one 
of the significant factors contributing to water losses and require substantial 
human effort and cost to repair such failures. As the number of breaks increase, 
the water distribution system becomes more unreliable. Subsequently, most 
researchers have chosen failure rate as the primary indicator of reliability. There 
are two types of failures generally considered: 1) mechanical failure caused by the 
failure of the components of the system and 2) hydraulic failure caused by 
changes in demand and pressure. In recent times, especially after the 9/11 New 
York incident, Hurricane Katrina, and the Japan earthquake, a strong emphasis is 
laid on the performance of the systems in failed states. Subsequently, mechanical 
reliability of the system is prioritized in this research.  
  Some of the optimization models made reliability as a constraint in the 
design of water distribution systems (Kettler and Goulter, 1985). Goulter and 
Coals (1986) and Su et al. (1987) used a linear programming tool to optimize cost 
in the design of water distribution systems. They subjected the optimization to 
continuity, conservation of energy, nodal pressures, and reliability constraints. 
Mays and Cullinane (1986) introduced methods for evaluating the reliability of 
water distribution system components, which included the mean-time-to-failure 
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analysis. Su et al. (1987) defined the probability of failure of a pipe (j), Pj, which 
can be determined using a Poisson probability distribution similar to what was 
proposed by Goulter and Coals (1986) as shown in the Eq. 1. 
                                                     ௝ܲ ൌ 1 െ ݁ିఉೕ (1) 
Where, βj = rj*Lj; rj = expected number of failures per year per unit length of 
pipe j; Lj = length of pipe j. If rj is calculated at a time t, Pj is the probability of 
failure of the pipe j as the pipe ages from t to “t+dt”.  
Khomsi et al. (1996) expressed reliability in terms of the probability that a 
given node receives its supply within specified limits or constraints. Since most of 
the components of a water distribution system are repairable, the concept of 
availability has greater relevance to the performance of water distribution systems 
than formal reliability (Khomsi et al. 1996). Availability is the degree to which a 
system or component is operational and accessible when required for use.  In 
other words, it is the proportion of time that a satisfactory supply is available in 
the system. The system availability was defined as the average of nodal 
availabilities weighted by the demands as shown in Eq. 2.     
                                                    ܣ ൌ 1 െ ி௔௜௟ ்௜௠௘்௢௧௔௟ ்௜௠௘  (2)  
Where, A = availability; Fail Time = time that supply is in failure state; Total 
Time = time interval considered. 
Goulter and Coals (1986) presented two different approaches to tackle the 
reliability problem: 1) the node isolation approach; and 2) the goal programming 
approach. The node isolation approach is viewed as having theoretical weakness 
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as it assumes a node is able to be supplied adequately as long as there is at least 
one link connecting it to the rest of the network. Such an assumption is optimistic 
because either flow or pressure may be insufficient at a particular node even prior 
to failure of all the connecting nodes. The goal programming approach is to 
minimize the deviation in the reliabilities of all of the connecting links. There is 
also an option to include weights depending on importance of the links. This 
approach using non-uniform weights is a preferred method for evaluating 
reliability compared to the node isolation approach. Goulter and Bouchart (1990) 
extended the node isolation approach of Goulter and Coals (1986) by considering 
demand failures along with pipe failures. Duan et al. (1990) improved the earlier 
models by considering the reliability associated with pumping stations. This 
model formulated the problem as mixed integer non linear programming problem 
that is solved using a heuristic algorithm.  
Cullinane (1986) estimated the mechanical availability (MAj) of the 
operational state of link (pipe j) as shown in Eq. 3. 
                                                  ܯܣ௜ ൌ ெ்஻ி೔ெ்஻ி೔ାெ்்ோ೔  (3)  
Where, MTBF = mean time between failures; MTTR = mean time to repair. 
MTBF is calculated as the inverse of the probability of the failure of a given pipe 
segment. The probability of failure is the same as that proposed by Su et al. 
(1987) in Eq. 1. MTTR is the mean time to repair a pipe segment after it breaks.  
 Fujiwara and Tung (1991) also proposed a measure of availability of a 
system. They focused on the reduction in the total water supplied due to random 
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link failures. This was done through an expression for the steady state probability 
that a link (i) functions denoted by Pi, given by Eq. 4. They measured system 
reliability as the ratio of expected maximum total water supplied to total water 
demanded.  
                                                         ௜ܲ ൌ ఛఛା௅೔ஜሺௗ೔ሻ  (4) 
 Where, τ = average rate of repair; µ (di) = average rate of failure per unit length 
of link i with pipe diameter di; Li = length of link i. 
 Bouchart and Goulter (1991) proposed a reliability measure in terms of 
the volume deficit at the nodes. When a break occurs, the pipe is closed for repair 
and the deficit in water supply is the amount of water supplied had the break not 
occurred. The deficit due to the pressure reduction and the volume reduction was 
combined in a design algorithm to reduce the total deficit there by increasing the 
reliability. This methodology was used to decide the optimal number and location 
of valves in the system.  
Quimpo and Shamsi (1991) presented a methodology where a reliability 
surface is generated which helps in identifying low-reliable areas in a land use. A 
limitation is that this method considers that a node is supplied adequately even if 
it is connected by a single link.  
 Sinha and Pandey (2002) proposed a fuzzy artificial neural network based 
approach for reliability assessment of oil and gas pipelines. Recently, Tabesh et 
al. (2009) compared artificial neural networks, neuro-fuzzy systems and a multi-
variate regression approaches for accurate prediction of pipe break rates and also 
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for an improved assessment of reliability of pipes in water distribution systems. 
Compared with the results of neuro-fuzzy and multivariate regression models, the 
outcome of the artificial neural network model was more realistic and accurate in 
predicting the pipe failure rates and evaluating the mechanical reliability in water 
distribution systems. However, the application of artificial neural networks 
requires a lot of data, which is often difficult to obtain. 
Different techniques for evaluating reliability were discussed in the 
literature with the “minimum cut-set method” deemed to be preferred for 
evaluating system reliability of water distribution systems (Tung, 1985; Mays and 
Cullinane, 1986; Al-Zahrani and Syed, 2005). Subsequently, the minimum cut-set 
method is used in this research to evaluate, constrain and optimize the system 
reliability of water distribution networks.  
2.4 Resiliency Studies 
Reliability measurement using minimum cut-set method is a 
computationally intensive process especially for large networks. Subsequently, to 
overcome this problem, a new concept called “Resilience” is introduced by Todini 
(2000). This new concept is strongly related to the capacity of the system to 
perform well in failed states and it doesn’t require the statistical analysis of failure 
probabilities and simulating failed states while designing the systems. However, 
the increase in resilience leads to improved network reliability. This concept was 
used in the literature along with cost as objective to design systems using multi-
objective optimization framework (Todini, 2000; Farmani et al., 2006).  
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The concept of resilience is based on the consideration that the failure or 
increased demand will tend to increase the dissipation of the internal energy. 
Subsequently, resiliency is measured as the surplus energy available in the 
network. The increase in resilience for a given topology is expressed as the 
increase of the energetic redundancy which means a decrease of the internal 
energy dissipation. There is a trade-off between resiliency and cost and the 
designer needs to select the right design that is not too costly and not too non-
resilient. The “Resilience Index (RI)” as proposed by Todini (2000) is quantified 
using Eq.’s 5, 6, 7 and 8.  
                                           ௧ܲ௢௧ ൌ ߛ ∑ ܳ௞ܪ௞௡ೝ௞ୀଵ ൅ ∑ ௝ܲ௡೛௝ୀଵ  (5) 
Where, Ptot = total available power at the entrance in the WDN; γ = specific 
weight of water; Qk = discharge from reservoir k; Hk = pressure head; nr = number 
of reservoirs; Pj = power introduced into the network by the jth pump; np = number 
of pumps.  
                                                 ܴܫ ݋ݎ ܫ௥ ൌ 1 െ ሺ ௉೔೙೟
כ
௉೘ೌೣכ
ሻ (6) 
                                               ௜ܲ௡௧כ ൌ ௧ܲ௢௧ െ ߛ ∑ ݍ௜כ݄௜௡೙௜ୀଵ  (7) 
                                              ௠ܲ௔௫כ ൌ ௧ܲ௢௧ െ ߛ ∑ ݍ௜כ݄௜כ௡೙௜ୀଵ  (8) 
Where, qi* = demand at node I; hi = pressure head in normal condition; hi* = 
minimum pressure head constraint;  
After appropriate substitutions the resilience index can be written as 
shown in Eq. 9.  
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                                             ܫ௥ ൌ ∑ ௤೔
כሺ௛೔ି௛೔כሻ೙೙೔సభ
∑ ொೖுೖା∑ ሺ
ುೕ
ം ሻ
೙೛
ೕసభ ି∑ ௤೔כ௛೔כ
೙೙
೔సభ
೙ೝೖసభ
  (9) 
Prasad and Park (2004) argued that the maximization of Resilience Index 
may increase surplus head or power at nodes but they do not reflect the effect of 
redundancy. Their argument was based on the fact that a branched network with 
sufficient surplus head at the nodes may adjust to increased demands, but a pipe 
outage will have severe consequences at one or more downstream nodes. Prasad 
and Park (2004) proposed another reliability measure called “Network Resilience 
(NRI)” which incorporates the effects of both surplus power and reliable loops. 
Reliable loops can be ensured if the pipes connected to a node are not widely 
varying in diameter. This index has also been used by researchers as part of a 
multi-objective optimization framework (Raad et al., 2010; Vasan and Simonovic, 
2004). 
If D1, D2, and D3 (where D1≥D2≥D3) are the diameters of three pipes 
connected to node j, then uniformity (Cj) of that node is given by Eq. 10.  
                                                    ܥ௝ ൌ ሺ஽భା஽మା஽యሻଷ஽భ  (10) 
and can be represented by Eq. 11 as in a generalized form: 
                                                    ܥ௝ ൌ ∑ ஽೔
೙೛ೕ
೔సభ
௡௣ೕכ௠௔௫ሼ஽೔ሽ (11) 
Where, npj = number of pipes connected to node j. 
The combined effect of both surplus power and nodal uniformity of node 
j, called weighted surplus power, is expressed as shown in Eq. 12 and 13.  
                                                          ௝ܺ ൌ ܥ௝ ௝ܲ (12) 
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                                                    ௝ܲ ൌ ߛܳ௝൫ܪ௝ െ ܪ௝כ൯ (13) 
Where, Qj = demand at node j; Hj = head at which Qj is supplied; Hj* = minimum 
required head at node j.  
For any network, weighted surplus power can be expressed as shown in 
Eq. 14.  
                                                          ܺ ൌ ∑ ௝ܺ௡௡௝ୀଵ  (14) 
By normalizing the Eq. 14, the network resilience (In) as proposed by 
Prasad and Park (2004) can be expressed as shown in Eq. 15.   
                                   ܫ௡ ൌ ௑௑೘ೌೣ ൌ
∑ ஼ೕொೕሺுೕିுೕכሻ೙೙ೕసభ
ቂ∑ ொೖுೖା∑ ቀು೔ം ቁ
೙೛ೠ
೔సభ
೙ೝ ೖసభ ቃି∑ ொೕுೕכ೙೙ೕసభ
  (15) 
Where, nn = number of nodes in the network; nr = number of reservoirs in the 
network; npu = number of pumps in the network; Pi = Operating power of the 
pump I; Qk = flow rate from reservoir k; Hk = head supplied at the source node by 
reservoir k; γ = specific gravity of water.  
Jayaram and Srinivasan (2008) proved that the index proposed by Todini 
(2000) might not work efficiently for systems with multiple sources. They argued 
that the denominator, P*max, in the Resilience Index is not independent of the pipe 
diameters and roughness coefficients in the case of multiple supplies. This implies 
that a network with a large surplus power at the demand nodes may also have a 
large input power value thereby resulting in lower value of resilience index. This 
drawback of the index proposed by Todini (2000) is addressed by Jayaram and 
Srinivasan (2008) in their Resilience Index called the Modified Resilience Index 
(MRI) as shown in Eq. 16.  
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                                     ܯܴܫ ൌ ∑ ௤ೕሺ௛௔ೕି௛௥ೕሻೕಿసభ∑ ௤ೕೕಿసభ ௛௥ೕ ݔ100 (16) 
It can be observed from Eq.16 that the MRI is defined as the amount of 
surplus power available at the demand nodes as a percentage of the sum of the 
minimum required power at the demand nodes. It should be noted here that MRI 
can take values of more than 1 while RI and NRI can only take values up to 1.  
2.5 Conclusions 
The objectives in most of the models from the literature reviewed varied 
with the time of research. In the early years, the majority of the studies dealt with 
least cost optimization, which just considers the installation costs of water 
distribution networks. In the later years, the importance of reliability is recognized 
and researchers developed models to minimize the cost and maintain minimum 
system reliability (Su et al., 1987). Recently, more focus is being placed on life 
cycle aspects of systems. Subsequently, water distribution network modeling was 
also analyzed from a life cycle perspective (Neelakantan et al., 2008). Wu et al., 
(2010) considered the impacts of water distribution networks on the environment 
and designed a model to minimize costs and CO2 emissions, resulting from a 
water distribution network.  
 The objectives of this research, unlike the above mentioned, are to 
minimize life cycle costs, minimize life cycle CO2 emissions and maintain 
minimum system reliability for the life-time of the system. Combining all these 
objectives together will result in a system that is more sustainable and reliable. 
Reliability is also considered as an objective in some scenarios where resiliency is 
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taken as a metric for reliability. None of the previously proposed models 
combined all these three aspects into a single model.  
The literature review reveals that the stochastic models, especially the 
genetic algorithm type, yield better results when compared with the linear and 
non-linear optimization models. Subsequently, the genetic algorithm technique is 
used in this research as part of GANetXL (Savic et al., 2011), an add-in to 
Microsoft Excel, for the design of water distribution networks. Several 
applications of GANetXL in the water systems already exist, including the 
development of a model for optimal groundwater contamination management 
(Farmani et al., 2008) and optimal design of water distribution systems (Deepthi 
et al., 2009). 
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CHAPTER 3: MODEL BUILDING 
3.1 Introduction 
A model is developed in this research to design water distribution 
networks with the option of minimizing costs, minimizing CO2 emissions and 
maintaining or maximizing system reliability. Reliability is constrained in some 
of the scenarios so that the optimal design produced by the model is certainly 
reliable for the life cycle. The model is called sustainable and reliable design of 
water distribution networks or “SRNET”. This model is an integration of multi-
objective genetic algorithm optimization with hydraulic solver, EPANET with 
reliability incorporated as a constraint. Genetic algorithm (GA) is one of the 
popular stochastic optimization techniques in meta-heuristic methods. GA is 
reported to have yielded the best results in the models developed by previous 
researchers as discussed in the literature review chapter. This chapter gives an 
insight into how SRNET model is developed by adding reliability component to 
an integrated optimization model. 
3.2 Genetic Algorithm Methodology 
Genetic algorithm is an optimization technique that mimics biological 
evolution as a strategy for solving optimization problems. Genetic algorithms use 
the combination of selection, recombination and mutation to evolve a better 
solution for a given problem. Every organism has a set of rules that describe how 
that organism is built up from the tiny building blocks of life. These rules are 
encoded into the genes of an organism that are connected together into strings 
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called chromosomes. Each gene exhibits a specific trait of the organism such as 
color and shape. All these genes together define the overall characteristic of the 
organism. When two organisms mate, they share their genes in various 
combinations resulting in a new organism with some traits of each of its parents. 
Occasionally, a gene may be mutated that will result in a completely new trait in 
the offspring. GA follows the same principles to arrive at the best possible 
solution for a given problem.  
For any given problem, the input to the GA is a set of randomly selected 
potential solutions to that problem and a metric (i.e. objective function(s)) to 
measure the fitness of each of these potential solutions. Solutions here are similar 
to chromosomes in the natural evolution process and are encoded into a 
mathematical form. Fitness functions are the objective functions in a given 
problem that can evaluate the acceptance and quality of a solution. All the 
selected potential solutions are evaluated using the fitness function and are 
assigned a fitness score that is a measure of how good that chromosome is at 
solving the problem. In a randomly selected potential solution set, not many 
solutions might give a desired result and thus need to be deleted; some of them 
could be considered even if they fare only poorly but are promising to lead to 
better solutions in further generations. These promising chromosomes are allowed 
to reproduce. Two parent solutions from these promising chromosomes are 
selected and allowed to combine (crossover or mate). The chance of getting 
selected for mating depends on fitness of that parent chromosome. Depending on 
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the mutation rate, random changes are introduced into the offspring resulting from 
combination of two selected parent solutions. These offspring would form the 
next generation forming a pool of candidate solutions. Candidate solutions that 
are worsened by the changes in their chromosome are deleted. The random 
variation introduced during the mutation may have improved the candidate 
solutions making them more efficient solutions to the given problem. These 
candidate solutions are again combined similarly by introducing random changes 
in the chromosome to form the third generation and this process goes on as 
illustrated in Fig. 2.  The expectation is that the average fitness of the population 
improves for each generation and repeating the process for hundreds and 
thousands of generations would result in very good solutions to the given 
problem. 
 
Figure 2. GA Reproduction Cycle  
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Genetic algorithms have proven to be enormously powerful at solving 
complex problems of large solution spaces demonstrating the power of 
evolutionary principles. GA does not guarantee in finding a global optimal 
solution but is reported to result in better solutions compared to gradient based 
linear and non-linear optimization methods for problems of the nature considered 
in this research.  
3.2.1 Demonstration of the Genetic Algorithm Procedure 
The application of genetic algorithm is demonstrated on a sample curve 
fitting problem. The problem is to fit a 3rd degree polynomial through a set of 
given data points (Set represented as A). There are many curve fitting techniques 
available but genetic algorithm could be used to solve this problem.  
Let A = {(2, 30), (1, 14), (4, 160)} 
Let the polynomial that we are trying to fit be Y = ax3+bx2+cx+d 
The chromosome in this problem is the array [a, b, c, d] with a, b, c and d being 
the genes of the organism.  
Let the initial population (Pi) contain five randomly selected chromosomes as 
potential solution.  
Pi = {[0,1,4,2], [2,2,0,6], [1,6,10,4], [3,7,0,5], [2,5,4,0]} 
The objective is to minimize the fitness function Z = Σ (actual y – predicted y) 2. 
These randomly chosen chromosomes are evaluated for fitness individually and 
ranked accordingly.  
Zf = {16181, 52, 2661, 22931, 4301} 
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It can be observed from the fitness evaluations that the second random 
chromosome is the nearest fit for the given set of data points. The second step is 
to select four sets of parents, i.e. eight parents from these five chromosomes by 
performing eight challenges. Parents are selected using a tournament selection 
operator applied as follows. For each challenge, two challengers are randomly 
selected from the existing population Pi. The winner of the challenge is the 
chromosome with highest fitness function i.e. least Z value in this problem. Table 
5 illustrates the process of tournament selection and shows challengers for each of 
the parent solution slot.  
Table 5. Parent solutions and tournament selection 
Parent  Challenger A Challenger B Winner 
Counter Pop. No. Z Pop. No. Z Pop. No. a b c d 
1 2 52 1 16181 2 2 2 0 6 
2 1 16181 5 4301 5 2 5 4 0 
3 4 22931 4 22931 4 3 7 0 5 
4 2 52 2 52 2 2 2 0 6 
5 4 22931 5 4301 5 2 5 4 0 
6 2 52 2 52 2 2 2 0 6 
7 3 2661 2 52 2 2 2 0 6 
8 3 2661 1 16181 3 1 6 10 4 
 
Four of the five solutions in the second generation are determined by using 
a crossover operator that is applied to successive set of parents from Table 5. The 
fifth solution in the second generation is obtained by passing the best solution 
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from the previous generation. The individual genes of the child solution are 
obtained by using crossover operator on the genes of two parent solutions 
selected. Crossover operator could be any mathematical operator between the two 
parent genes such as a1+RAND ()*(a2-a1). A simple crossover operator, average 
function is used for this demonstration. The solutions for the next generation are 
obtained by using an average operator as shown in Eq. 17 as illustrated in Table 6. 
                                            ܽ௖௛௜௟ௗ ൌ ሺ௔೛ೌೝ೐೙೟భା௔೛ೌೝ೐೙೟మሻଶ  (17) 
Table 6. Solutions for second generation 
Population No. a b c d Z 
1 2 3.5 2 3 1286.25
2 2.5 4.5 0 5.5 6204.5 
3 2 3.5 2 3 1286.25
4 1.5 4 5 5 796.25 
5 2 2 0 6 52 
 
The solutions in table 6 are accepted as the second generation 
chromosomes except that a mutation operator is applied to these solutions. 
Mutation is done to introduce some randomness in finding the optimal solution 
going into the next generation. A random number is generated for solutions 1 to 4 
shown in Table 6. If the random number is greater than the mutation probability, 
then accept the child solution into next generation. Otherwise, a new solution is 
generated randomly following the same procedure as the initial random 
population generation. It can be observed that the average fitness evaluation of the 
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population in second generation is about 1925 compared to 9225 in the first 
generation. This average fitness is expected to improve (i.e. value decreasing) as 
the algorithm is run for more generations. Eventually, the algorithm will find the 
best possible solution. It is difficult to manually compute the solution using 
genetic algorithm working on thousands of generations. Subsequently, there are a 
number of computerized programs that are formulated to run such rigorous 
algorithms. GANetXL is one of such programs that has the capability of running 
multi-objective genetic algorithm optimization using Microsoft excel as a medium 
for interface.  
3.3 GANetXL Tool 
The use of Microsoft excel by design engineers for modeling tasks has 
become more widespread due to the presence of convenient graphical user 
interface, database modeling, data analysis and programming tools. The presence 
of visual basic for applications together with add-in programs makes it an even 
more useful tool for design projects (Savic et al. 2011). Solver, which is an add-in 
for Microsoft excel is probably the most widely used optimization program. 
Solver employs a generalized gradient algorithm which can find solutions to small 
linear and non-linear optimization problems. Solver is limited in its capacity to 
solve complex optimization problems and it is not equipped with multi-objective 
optimization tools. Genetic algorithms as discussed in the previous chapter are 
capable of handling single and multi-objective optimization problems with ease. 
This makes the use of GA an attractive option for decision making in many areas 
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of water engineering applications (Savic et al. 2011). Unlike single objective 
optimization where the algorithm tries to find a single solution that is most 
desirable, multi-objective optimization algorithms find a set of solutions that are 
acceptable largely known as Pareto-optimal solutions. All the solutions in a 
Pareto-optimal front are better than the rest of solutions in at least one of the 
objectives. In order to bring the power of multi-objective optimization closer to 
the intended users, a tool called GANetXL was developed at the Centre for Water 
Systems, University of Exeter (Bicik et al., 2008). The tool combines the strength 
of single objective and multi-objective optimization using GA to formulate and 
optimize the given problem. For single objective optimization, GANetXL 
provides a set of steady state, generational and generational elitist genetic 
algorithms. However, for multi-objective optimization, Non-dominated Sorting 
Genetic Algorithm (NSGA) II is supported. GANetXL is already being used by 
many researchers for water engineering applications as discussed in the literature 
review section. GANetXL is available as an add-in for Microsoft Excel 2003 and 
later versions.  
GANetXL provides an intuitive interface allowing for easy formulations 
of multi-objective optimization problems in Microsoft Excel. Upon installation, 
GANetXL features a set of control buttons to navigate through the formulation of 
the problem as shown in Fig. 3. Configure Wizard tab guides the user to identify 
the parameters on the spreadsheet to optimize, link up the constraints, select 
options, provide parameters as shown in Fig. 4. “Configuration Wizard” allows 
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the user to choose between single objective and multi-objective optimization, 
population size, crossover rate, mutation rate, number of generation per run, and 
number of runs. A simulation tab in the “Configuration Wizard” allows the user to 
integrate the optimization tool with any external simulation tool for fitness 
evaluation using a visual basic for applications (VBA) macro (Fig. 5). The 
interface can be carried out using a dynamic library link (DLL). After configuring 
the program, the optimization can be started by using the “Run” button on the 
interface toolbar. The progress of the optimization search for the can be viewed 
from the optimization progress form as shown in Figures 6 and 7 for single and 
multi-objective optimization. Formulating a problem requires user to create a 
spreadsheet with decision variables, constraints and objective functions listed 
similar to the formulation for using Solver. GANetXL gives the flexibility of 
configuring the genetic algorithm optimization parameters for the analysis. 
GANetXL is capable of working with more than 16000 decision variables while 
using Microsoft Excel 2007 and 2010 (Savic et al., 2011).  
 
Figure 3. Control buttons for user navigation in GANetXL 
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Figure 4. A snapshot of the configuration wizard in GANetXL 
 
Figure 5. A snapshot of the simulation tab in GANetXL through which EPANET 
could be integrated 
 44 
 
Figure 6. Snapshot of a single objective optimization progress in GANetXL 
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Figure 7. Snapshot of a multi-objective optimization progress in GANetXL 
3.4 EPANET Integration 
EPANET is a simulation program that analyzes the steady state and 
extended period hydraulic behavior along with water quality behavior of water 
distribution systems. EPANET computes the flow rates in the pipes and the 
hydraulic head at all the nodes in the system. The EPANET calculations involve 
multiple iterations as the conservation of mass and energy equations are non-
linear.  
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A water distribution system is a pipe network which delivers water from 
single or multiple sources to distantly located consumers. Typical sources of 
water distribution systems are reservoirs, storage tanks and external water 
supplies from groundwater wells. Other elements of a water distribution network 
include pipes, nodes, pumps, control valves. A pipe is used to convey water from 
one node (location) to another. The water distribution systems are governed by 
two basic laws of physics: a) conservation of mass, and b) conservation of energy. 
Conservation of mass can be modeled by equating the total inflow and outflow at 
each of the nodes as shown in Eq. 18. Conservation of energy can be modeled by 
understanding the energy losses or gains in the pipes, valves and pumps. The 
physical characteristics of a pipe include the length, inside diameter, roughness 
coefficient, and minor loss coefficient. Pipe roughness coefficient varies with the 
material and age of the pipe where as the minor loss coefficient is due to the 
energy loss from the fittings. Water always flows from a high pressure (energy) 
point to a low pressure point. Hydraulic energy is lost when water flows due to 
the work done by the frictional force between the water and the pipe surface. This 
friction loss is a function of flow rate, inside diameter, pipe length and roughness 
coefficient of the pipe. The friction loss in a pipe using Hazen-Williams method is 
calculated using Eq. 19.  
                                     ܳ௜௡,௜ ൌ ܳ௢௨௧,௜ ൅ ܳௗ,௜ (18) 
Where, Qin, i = total water inflow at node i; Qout, i = total water outflow at node i; 
Qd, i = water demand at node i.   
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                           ܪ௙,௝ሺ݂ݐሻ ൌ 0.002083 כ ܮ௝ כ ሺ100/ܥ௝ሻଵ.଼ହ כ ሺ ொೕ
భ.ఴఱ
஽ೕర.ఴలఱఱሻ (19) 
Where, Hf, j = head loss in pipe j (m); Qj = flow rate in pipe j in gallons per minute 
(1gpm = 0.227 m3/h); Lj = length of pipe j (m); Cj = Hazen-Williams friction 
coefficient of pipe j; and Dj = inside diameter of the pipe j in inches (1 inch = 
25.4mm).  
Equations 18 and 19 are written for each node and pipe to solve for the 
systems unknowns, flow rate in each pipe and pressure at each node. However, 
solving this manually could get complicated as it needs multiple iterations before 
finding the right solution set. Subsequently, EPANET is often used in the water 
research and industry to solve water distribution networks. EPANET also comes 
with a programmer’s toolkit (a dynamic link library (DLL) of functions) that 
allows developers to customize EPANET computational engine to the specific 
needs. EPANET and its toolkit are developed by US Environmental Protection 
Agency’s National Risk Management Research Laboratory (Rossman, 2000).  
GANetXL is integrated with EPANET using EPANET toolkit. Two visual 
basic for application (VBA) modules need to be developed for this integration: 
EPANET_DLL which can be imported from programmer’s toolkit; 
EPANET_Interface, which uses a set of user chosen toolkit functions to open, 
read, modify, solve and return the results back to excel spreadsheets for further 
analysis. A sample example showing this integration of EPANET with GANetXL 
is provided in the installation package of GANetXL. This sample example is 
enhanced in this research by adding a reliability component to this integrated 
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model. The water distribution network with the information on nodal demands, 
nodal elevations, layout, and distance between nodes are supplied to the 
GANetXL model in the form of an input (.inp) file. A water distribution network 
could be built up and saved as .inp file using EPANET program.  
3.5 Reliability Component 
System reliability or resilience metric is an important element that needs 
to be considered during the design of water distribution networks as stressed in 
the earlier chapters of this dissertation. System reliability is evaluated and made 
as a constraint along with minimum pressure requirements in the optimization 
process such that the optimal design obtained would ensure minimum system 
reliability for its life time. Literature revealed that the minimum cut-set method is 
a popular method of evaluating the reliability of a water distribution system. 
Minimum cut sets are determined by closing a pipe or combination of pipes in the 
water distribution network and evaluating the pressures at each node for each set 
of diameters obtained by the optimization tool (Su et al., 1987). By comparing the 
node pressures with minimum requirements, the model can determine whether or 
not the pipe (or combination of pipes) closed is a minimum cut set of the system. 
This procedure is repeated until all the pipes and combination of pipes are closed 
to determine the minimum cut sets of the system. Simultaneous failure of two or 
more pipes has a small probability of occurrence and consumes lot of 
computational time. Subsequently, only single pipe failures are often considered 
in system reliability studies (Su et al., 1987). Minimum cut-set method is used to 
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evaluate reliability in this research. An appropriate code in visual basic for 
applications is written and is added to the existing GA optimization + EPANET 
tool. The VBA code for the simulation part of the algorithm for solving a pump 
included water distribution network is attached in Appendix A. Fig. 8 gives an 
illustration of the logic in the integrated model developed in this research. System 
reliability is evaluated using the solution set of each generation from the 
optimization algorithm. This evaluated reliability is made as a constraint in the 
optimization process. Table 7 presents a set of EPANET toolkit functions that are 
used for this model.  
As stated earlier in this dissertation, reliability does not have a unique 
definition and is often interpreted in different ways. To minimize this ambiguity 
and also to reduce the computational intensity, resilience metric is considered to 
quantify the system performance behavior in extreme conditions. Such an 
alternative is thoroughly investigated in this research. Three popularly used 
resilience metrics in the water distribution network design area are evaluated to 
understand the most efficient metric. Such an efficient metric is then incorporated 
into the model developed in this research as another objective. Resilience metrics 
are easy to compute and consumes less computational time when compared to the 
reliability metric. Subsequently, it would be efficient to use the resilience metric 
especially for larger networks.  
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Figure 8. A flowchart illustrating the logic of the model developed in this research 
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Table 7. EPANET toolkit functions used in this research 
Function Description 
openNetwork Opens and loads a particular network for further analysis 
closeNetwork Closes down the network that is being analyzed  
getNodePressure Retrieves the pressure of a particular node 
getNodeHead Retrieves the node head of a particular node 
getLinkCount Counts the total number of links in the network loaded 
getNodeCount Counts the total number of nodes in the network loaded 
getLinkId Retrieves the id number of a particular link 
getNodeId Retrieves the id number of a particular node 
getLinkDiameter Retrieves the diameter of a particular link 
getLinkLength Retrieves the length of a particular link 
setLinkDiameter Sets a value for the diameter of a particular link 
setLinkStatus Changes the status of a link from open to close and vice-versa 
solve Solves the hydraulic network 
 
3.6 Resilience Metrics  
Resiliency can be defined as the capacity of the system to absorb a shock. 
There were three different resilience metrics proposed in the past, as indicated in 
the literature review section. One of these indices could be used in the place of 
reliability for the design of water distribution systems. There was a recent study 
that evaluated the relative effectiveness of these three resilience indices and 
identified the best one for the possible failure conditions of demand fluctuations 
or hydraulic uncertainty. However, there has been no study which evaluated the 
relative effectiveness of these three indices for the possible mechanical failed 
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states of the system. Subsequently, the relative effectiveness of the three 
resiliency indices is investigated in this research considering mechanical failed 
states. Three water distribution networks (WDN-I, WDN-III and WDN-IV) are 
used for this investigation. A detailed explanation of this investigation is 
presented in chapter 6 along with the methodology.  
3.7 Conclusions 
 The methodology adapted in this research is to use a genetic algorithm 
based multi-objective optimization tool that is integrated with water network 
solver, EPANET. Additionally, a reliability component is added to this integration 
to obtain the model used in this research. The model development was explained 
in this chapter.  
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CHAPTER 4: OBJECTIVES FOR OPTIMIZATION: QUANTIFICATION 
4.1 Introduction 
This chapter describes in detail various scenarios considered in this 
research along with the objectives and constraints in each scenario. Four major 
parameters are identified to be critical for water distribution systems from a 
sustainability and resiliency perspective. They are: a) life cycle costs, b) life cycle 
CO2 emissions, c) system reliability and d) resiliency. The broad objective of this 
research is to investigate various design alternatives considering these four critical 
parameters as objectives or constraints. To understand the trade-offs between 
these parameters, ten scenarios with varying objectives and constraints are 
considered. Each of these scenarios is a single or multi-objective optimization 
framework as illustrated in Table 8.  
4.2 Optimization Framework 
The objective functions in this water distribution network design problem 
vary with the scenarios. A general formulation of the optimization problem is 
presented here.  
4.2.1 Objectives 
Objective-1: Optimize X = F1 (D, P) 
Objective-2: Optimize Y = F2 (D, P) 
Objective-3: Optimize Z = F3 (D, P) 
Where, F1, F2 and F3 are the objective functions defining any of the critical 
parameters such as life cycle costs, life cycle CO2 emissions, reliability and 
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resiliency. These critical parameters are further explained and quantified in this 
chapter. Typically in a water distribution network design problem, the topology of 
the system, demand locations, and demands are assumed to be known as is the 
case in reality most often. Subsequently, the choice for the designer lies in the 
selection of pipe diameters, pump sizes, pump location, tank sizes and tank 
locations. Pipe diameters and pump sizes are the decision variables in this 
research as the decision on location of pumps and tanks are usually subjected to 
the space constraints for a given case. Subsequently, all the critical parameters 
(F1, F2 and F3) are written as functions of the pipe diameter set D and pump 
capacity set P.  
4.2.2 Constraints 
The systemic constraints in the water distribution network design are the 
conservation of mass and conservation of energy constraints. These constraints 
are implicitly used as part of the network solver EPANET. Conservation of mass 
relationships are written as shown in Eq. 18 in terms of the flow passing through 
the nodes. The total inflow is equal to the sum of the total outflow and the 
demand at that particular node. Conservation of energy relationships are written in 
terms of the nodal heads for each component of the system as shown in Eq. 20 
and 21.  
                                                  ࡴ࢐૚ െ ࡴ࢐૛ ൌ ࡴࢌ,࢐                 (20) 
                                                 ࡴ࢑૚ െ ࡴ࢑૛ ൌ ࡴ࢖,࢑                      (21) 
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Where, Hj1 or Hk1 = nodal head at the high pressure end node of link j or k; Hj2 or 
Hk2 = nodal head at the low pressure end node of link j or k; j represents a link 
with no pump; k represents a pump link; Hf, j= head loss in the link j estimated 
using Eq. 19; Hp, k = head added by the pump in link k obtained from the pump 
curve.  
 Besides the systemic constraints, there are some user imposed constraints 
such as the pressure requirements at each node in the system as shown in Eq. 22. 
Minimum pressures in a typical water distribution network could range anywhere 
between 30 to 40 psi and the maximum pressures between 65-75 psi (Mays, 
1999). These requirements are estimated from the demand data.  
                                           ࡴ࢓ ൐ ࡴ࢓࢏࢔;  ࢓ ൌ ૚, ૛, . . ࢔         (22) 
Where, Hm = pressure head at node m; n = number of nodes in the system.  
System reliability is added as a constraint in some of the scenarios in this 
research. System reliability estimated by the minimum cut-set method is 
measured in percentage. A value of 80% for system reliability at the end of its life 
cycle (50 years) is considered as an acceptable value in this research. 
Subsequently the reliability constraint is written as shown in Eq. 23.  
                                              ࡾ࢙ ൐ 0.8                        (23) 
Where, Rs = system reliability at the end of 50 years. This value is 
estimated using the minimum cut-set method in combination with pipe failure 
probability which, in accordance with the literature, is assumed to follow a 
Poisson distribution.  
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4.2.3 Scenarios 
Various scenarios are considered in this research to illustrate the trade-offs 
between various design alternatives when different objectives are considered in 
the optimization. Traditionally, water distribution networks were designed by 
considering only the installation costs along with the pressure constraints. This 
scenario (scenario No. 1) is considered as the base scenario for this research as 
shown in Table 8. Reliability was considered as a constraint in optimization 
modeling in the past (Su et al., 1987). Minimizing the installation cost would tend 
to reduce the pipe diameters which in turn reduces the redundancy and reliability 
of the system. Subsequently, reliability is added as a constraint in scenario 2 to 
understand the increase in the installation cost for ensuring a minimum required 
reliability of the designed system. Constraining reliability to be more than 80% 
ensures that the system is reliable for the entire life cycle at a probability of more 
than 80%. It is reported in the literature that minimal installation cost does not 
guarantee a minimal life cycle cost (Neelakantan et al., 2008). Life cycle costs 
include the operations, maintenance and repair costs which depend on the 
installation decisions but are not completely considered in scenarios 1 and 2. 
Subsequently, life cycle costs (LCC) are considered as an objective in scenario 3 
to understand the difference in the solutions when compared with scenario 1 
where the installation cost alone is minimized. Scenario 4 considers systems 
reliability (80%) as a constraint similar to that of scenario 2.  
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Scenario 5 presents a design alternative where the objective is to minimize 
the life cycle CO2 emissions (LCE). Scenario 5 is not a realistic scenario as it does 
not consider cost which is one of the primary objectives in any system’s design. 
However, this scenario is considered in this research to understand the trade-off 
between life cycle costs and life cycle emissions (scenarios 3 and 5). Scenario 6 
constrains system reliability along with minimizing LCE. Scenarios 1 to 6 are 
single-objective scenarios that results in a single best solution for each scenario. 
As stated in the literature review chapter and model building chapter, genetic 
algorithms do not guarantee a global optimal solution but are good at arriving at 
the best possible solutions.    
Scenarios 7 and 8 are the multi-objective scenarios where LCC and LCE 
are optimized together with scenario 8 having the reliability constraint in addition 
to the hydraulic constraints. These scenarios unlike the earlier scenarios could 
produce multiple solutions which are non-dominant in nature. A non-dominant 
solution set is one where each solution is better than all others in at least one of 
the objectives. A non-dominant solution set is often called as the pareto-optimal 
front. Subsequently, scenarios 7 and 8 produce multiple competent solutions 
giving a choice to the decision maker in choosing a solution better suited for the 
situation.  
Scenarios 9 and 10 involve resiliency in the model instead of system 
reliability. Scenario 9 considers LCC and resiliency as the objectives in a multi-
objective optimization framework. This scenario is expected to show a 
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relationship where cost of the system is increased with resilience. Scenario 10 is a 
multi-objective scenario with three objectives: a) LCC, b) LCE, and c) Resiliency. 
These three objectives are optimized together to produce a set of solutions that 
gives a wider choice for the decision maker.  
Table 8. Objectives and constraints in different scenarios considered in this 
research 
Scenario Minimize Objectives Constraints 
1 Installation Cost Network Constraints 
2 Installation Cost Network Constraints, Reliability 
3 Life Cycle Cost (LCC) Network Constraints 
4 Life Cycle Cost (LCC) Network Constraints, Reliability 
5 Life Cycle CO2 Emissions (LCE) Network Constraints 
6 Life Cycle CO2 Emissions (LCE) Network Constraints, Reliability 
7 LCC and LCE Network Constraints 
8 LCC and LCE Network Constraints, Reliability 
9 LCC and Resiliency Network Constraints 
10 LCC, LCE & Resiliency Network Constraints 
 
4.3 Critical Parameters in this Research 
4.3.1 Life Cycle Costs 
Life cycle cost or the whole life cost of water distribution systems can be 
divided into various categories: a) Capital cost, b) Maintenance cost, c) 
Operational cost, d) Repair cost, and e) Disposal cost.  
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4.3.1.1 Capital Cost 
Capital cost is the cost incurred in installing the complete system in place 
as per the design specifications. Major capital costs include pipe material cost, 
cost of pumps, and cost of installation. 
4.3.1.1.1 Material Cost 
Pipe material cost in this research is obtained from premier pipe 
manufacturing companies who make ductile iron and HDPE pipes for water 
applications. Table 9 presents the range of diameters and the cost of pipe per 
meter of length along with installation costs as considered in this research. Ductile 
iron pipe prices in Table 9 indicate the total retail cost of cement lined ductile iron 
(restrained joint type) pipe with asphaltic coating which is the industry standard. 
The range of diameters considered in this research for ductile iron pipes include 
various pressure classes such as CL350, CL250 and CL200. HDPE pipe prices are 
estimated based on a standard unit price ($0.90/lb) as indicated by a retail sales 
manager. The pipe cost from this unit price is estimated using the PE 4710 pipe 
dimension standards for 200 psi (pressure class) and DR 11. It should be noted 
that these pipe materials and prices are obtained only to represent a realistic 
scenario in this research. The evaluation of these pipe materials to understand the 
relative benefits is out of the scope of this research. These prices cannot be 
compared across the pipe materials as they represent prices for different classes of 
pipes. The total pipe capital cost is estimated using these unit prices and the 
length of the pipes in the system using Eq. 24.  
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                                            ܥܥ௣௜ ൌ ∑ ሺܥ௝ ൅  ܫ௝ሻ כ ܮ௝௟௝ୀଵ  (24) 
Where, CCpi = capital cost of pipes in the water distribution system; Cj is the cost 
of pipe material for link j per meter; Ij is the cost of installation of pipe link j per 
meter; Lj is the length of pipe j; l = number of links in the system.   
Pump capital cost depends on the capacity of the pump which is measured 
by the pressure head and flow head the pump adds to the water flowing through it. 
There are a wide variety of pumps available in the market depending on the 
specific requirement. Centrifugal pumps are typically used for water applications 
in the distribution systems. Each pump comes with a characteristic curve that 
graphically shows the total dynamic head, brake horsepower, efficiency, and net 
positive suction head plotted over the capacity range of the pump. The approach 
taken by Geem (2009) is adapted in this research to evaluate the pump capital cost 
according to Eq. 25.  
                                ܥܥ௣௨ ൌ ܥ௣௨௠௣ כ ሺܳ௞ோ௔௧௘ௗሻ଴.଻ כ ሺܪ௞ோ௔௧௘ௗሻ଴.ସ (25) 
Where, CCpu = constant for pump capital cost (=700,743 as considered by Geem, 
2009); ܳ௞ோ௔௧௘ௗ(m3/s) = discharge head at the rated conditions; ܪ௞ோ௔௧௘ௗ (m) = 
pumping head at the rated conditions, i.e. point of best efficiency. The pump is 
expected to deliver best operating conditions at this point on the curve.  
4.3.1.1.2 Installation Cost 
Installation costs include the costs incurred in transportation (pipes, 
equipment, and material), equipment cost, and labor utilized. Data for installation 
costs was obtained from a popular and often-used source in the literature. Walski 
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and Pelliccia (1982) presented installation cost data for various diameter pipes 
and the same data had been used by other researchers (Neelakantan et al., 2008). 
It should be noted that the installation cost varies with the installation depth, type 
of contractor, type of pipe, method of installation and many other factors. 
However, the installation cost used by Walski and Pelliccia (1982) and 
Neelakantan et al. (2008) is adapted in this research to demonstrate the theoretical 
model developed. Table 9 presents the installation cost data used in this research 
for various scenarios and different benchmark networks.  
Table 9. Costs of installing pipes for various diameters 
Dia. (mm) DI ($/m) HDPE ($/m) Installation Cost ($/m) 
100 55.8 6.8 62.00 
150 64.5 14.8 68.00 
200 81.3 25.0 87.00 
250 103.3 38.8 105.00 
300 133.4 54.6 121.00 
350 156.5 65.9 129.00 
400 191.8 86.1 153.00 
450 220.8 108.9 204.00 
500 259.6 134.4 260.00 
550 - 162.7 300.00 
600 331.4 193.6 330.00 
650 - 227.2 367.57 
700 - 263.5 406.00 
750 454.8 302.5 444.43 
900 612.0 435.6 560.00 
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4.3.1.2 Maintenance Cost 
Maintenance cost is the cost incurred in maintaining pipes and other 
components in the system to be able to deliver water at a required pressure, flow 
and quality to all nodes in the system. Maintenance activities in water distribution 
systems typically include flushing water mains, quality monitoring, servicing 
valves and fire hydrants, conducting leak detection and prevention. It is difficult 
to accurately model and account for these maintenance costs for any municipality 
as it depends on various factors. Subsequently, it is reasonably assumed that the 
maintenance costs would be a quarter of the operational costs in a typical water 
distribution system.  
4.3.1.3 Pipe Break Repair Cost 
Random leaks and breaks in distribution network pipelines due to 
deterioration may result in flooding, service interruptions, loss of water, water 
contamination and could also affect fire fighting capabilities potentially leading to 
loss of life and property. The physical mechanisms that lead to pipe breakage are 
often very complex and not completely understood (Kleiner and Rajini, 2001). 
Subsequently, the physical modeling of deterioration is often not possible due to 
lack of quality data and understanding of structural deterioration. Statistical 
models are prominent and are often used in predicting future break rates. Shamir 
and Howard (1979) conducted a regression analysis to obtain a break prediction 
model (Eq. 26) that relates break rate to the exponent of the pipe’s age. This 
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model was used in the research to estimate the number of breaks in water 
distribution network. 
                                                ܰሺݐሻ ൌ ܰሺݐ଴ሻ݁஺ሺ௧ି௧బሻ (26) 
Where, t = time in years; t0 = base year for the analysis; N (t0) = number of breaks 
per mile length of pipe in year t0 (obtained from Table 10); N (t) = number of 
breaks per mile length of pipe in year t; A = growth rate coefficient (1/year) 
which was estimated to range from 0.01-0.15. 
Numerous studies confirmed the exponential behavior of pipe breaks 
(Kleiner et al. 1998; Kleiner and Rajani 1999). The total number of breaks per 
unit length in a pipe “i” in year “t” can be obtained by Eq. 27. This equation was 
used to estimate the total number of breaks on different pipes in the network for 
the life cycle period which is 50 years.  
                                            ݊௜ ൌ ׬ ܰሺݐ଴ሻ௜݁஺ሺ௧ି௧బሻ݀ݐ௧௧ିଵ  (27) 
The cost of repairing a single pipe break was estimated by Walski and 
Pelliccia (1982) for different diameter pipes. These estimates consider the cost of 
crew, equipment, sleeve, repaving and overheads. Although these values depend 
on the locality, depth of cover, climatic conditions and many other factors, these 
were the only data available in the literature for all the pipe diameters and have 
been used by other researchers in their models (Neelakantan et al., 2008). Break 
rate varies with pipe diameter; large diameter pipes have less number of breaks 
compared to small diameter pipes (Kettler and Goulter, 1985). Initial break rate, N 
(t0), for different diameter pipes is taken from the literature (Goulter and 
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Bouchart, 1990; Neelakantan et al., 2008). The break repair cost and initial break 
rates for different diameters are presented in Table 10. It should be noted that only 
pipe rehabilitation scenarios were considered in this research but not replacement 
scenarios. As the system installed is a Greenfield system, new pipes are assumed 
to last for the 50 year analysis period without needing replacement. A break 
growth rate (A=0.025) is used which complies with the break growth rate range 
suggested by Shamir and Howard (1979).  
Table 10. Initial break rate and cost of break repair for different pipe diameters 
Diameter (mm) Initial Break Rate (breaks/year/km) 
Break Repair Cost 
($/break) 
101.6 0.58 572 
152.4 0.41 626 
203.2 0.25 668 
254 0.15 713 
304.8 0.1 799 
355.6 0.08 960 
406.4 0.06 1008 
457.2 0.05 1039 
508 0.04 1127 
558.8 0.03 1250 
609.6 0.02 1409 
660.4 0.015 1438 
711.2 0.012 1525 
762 0.008 1613 
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Besides pipe break repair cost, the municipalities typically incur damage 
costs for not being able to supply water as per the requirements or for damaging 
someone’s personal property. For example, this cost might be due to:  a) 
customers losing business for lack of water, b) an industry unable to operate for 
lack of water, c) outbreak of pollutants from broken pipe which is harmful and 
could spread diseases in sensitive areas. These types of cost account for the 
societal impacts of water distribution systems from a reliability perspective. The 
damage cost component is dependent on various factors and is subsequently 
estimated by multiplying the repair cost by a damage factor. The damage factor 
could be defined in the model depending on the sensitivity of the area. A damage 
factor of “1” means the damage cost is equal to the repair cost.  
Municipalities also lose water due to leaky pipes or breaks and 
subsequently they lose the income on that lost water. Cost of lost water is defined 
as the dollar amount associated with lost revenue had the water pipe not been 
broken. It is assumed that, in a 3-hour period (the time of response Tres), the 
valves corresponding to the broken pipe are shut off to minimize water loss due to 
the break. Subsequently, the amount of water lost in those three hours is 
considered for evaluating the cost of lost water. The unit cost of water charged by 
City of Phoenix is $1.99, $2.44 and $ 3.16 per unit (1 unit = 748 gallons) 
depending on season. Subsequently, a unit cost of lost water (Cw) of $2.50 was 
considered uniformly for all the seasons and used in this model. The cost of lost 
water is equal to the volume of water lost in 3 hours from a pipe break multiplied 
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by the unit cost of water. For any break, the average diameter (Deq) of the break 
(i.e. hole) through which water runs out of the pipe is assumed to be 5 inches 
based on input from municipal water distribution personnel. Also, the velocity of 
flow in the pipe (V) is assumed to be 4.9 ft/s. The cost of lost water can be 
calculated by using Eq. 28.  
                                          ܥ௟௪ ൌ 46.753 ߨ ܦ௘௤ ଶ ௙ܸ௟ ௥ܶ௘௦ܥ௪ (28) 
Where, Deq (in inches) = 5.0; Tres (in hours) = 3.0; Cw (in $/gallon) = 0.00334 
(from City of Phoenix Website); V (in ft/s) = 4.9. 
4.3.1.4 Operational Cost 
Operational costs considered in this research are the pumping costs 
incurred in pumping water to all the nodes per the demands. The cost of 
electricity required to run water pumps depend on the number of hours pumps are 
operated and the power at which they are operated. The cost of electricity is 
calculated using Eq. 29.  
                                       ܥ௢௣ ൌ ௢ܲ௣ כ ܥ௣௩ כ ௢ܰ௣ כ ܥ௣ כ 365 (29) 
Where, Cop = Cost of electricity on pump operations in a water distribution 
network (in $); Pop = Pump operating power (in kW); Cpv = present worth factor 
for the life time of the system, i.e. 50 years; Nop = number of hours a pump is 
operated per day on an average (considered to be 12 hours in this research); Cp = 
cost of electricity (in $/kW-h). The pump operating power is estimated from the 
water network solver EPANET for each of the candidate pumps considered in this 
research. Alternatively, the pump operating power can also be estimated using Eq. 
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30. The cost of electricity is taken as $0.12/kW-h for this study as considered by 
Geem (2009).  
                                              ܲ݋ݓ݁ݎ ሺܹ݇ሻ ൌ  ுכொכௌ.ீହଷଵ଴כη  (30) 
Where, H = head added by the pump (ft); Q = flow rate in gpm (1 gpm = 0.227 
m3/hr); S.G = specific gravity of the fluid (water in this case); η = pump 
efficiency. The present worth factor is used to convert all the operating costs into 
net present value using Eq. 31. 
                                                      ܥ௣௩ ൌ ሺଵା௜ሻ
೙ିଵ
௜ሺଵା௜ሻ೙  (31) 
Where, i = annual interest rate (12% in this research); and n = life cycle period 
(50 years in this research).  
4.3.1.5 Disposal Cost 
Disposal cost is the cost incurred in disposing of the water distribution 
system infrastructure after its intended useful period. It is not typical of water 
distribution systems to replace them entirely at once. Additionally, water pipes are 
typically left in the ground when they are replaced using trenchless techniques 
which are the preferred choice of the municipalities these days. Subsequently, it is 
assumed in this research that there is no disposal involved after the useful life of 
water distribution systems.  
4.3.2 Life Cycle CO2 Emissions 
CO2 emissions are produced from various life cycle phases of water 
distribution systems. The life cycle is divided into various stages for the 
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evaluation of carbon emissions emitted. Figure 9 illustrates various phases in the 
life cycle of a pipe network showing energy consumption and emissions from 
each phase. The life cycle starts with the raw material extraction phase where 
energy is required to extract required raw materials for manufacturing a pipe. The 
extracted raw materials are transported to the manufacturing plant where they are 
processed and pipe material is produced. This step may involve large equipment 
and subsequently large amounts of energy intake. Most of the equipment in the 
manufacturing plants are electricity driven and thus will contribute towards CO2 
emissions as more than 45% of the electricity in U.S is generated from fossil fuels 
(EIA, 2009). The manufactured product pipe needs to be extruded or casted in the 
form of pipe according to the desired dimension. The extrusion process also 
consumes energy as the material is pushed through a die of desired cross-section 
in the case of plastic pipes or casted centrifugally in the case of ductile iron pipes. 
The pipes are then stored until transported to the construction site.  
The installation process involves laying the pipe underground with the 
help of a set of construction equipment. The installation equipment needs to be 
transported to the site along with the pipe. Most of the construction equipment use 
diesel as fuel producing CO2 emissions. Energy is required throughout the life 
cycle for a pump to deliver water at a pre-determined pressure and flow rate. As 
stated earlier in this chapter, electricity driven centrifugal pumps are typically 
used to pump water in distribution systems. After the system is installed 
underground, it needs to be properly maintained and repaired when necessary.
  
69
 
 
Figure 9. Life Cycle of a Water Pipe Network 
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Maintenance activities involve cleaning, inspection and repairing any pipe breaks 
or leaks. All of these activities consume energy and release emissions. At the end 
of the life cycle (i.e. when the pipe is no longer suitable to perform), the pipe is 
either removed and disposed/recycled or abandoned. The recycling process and 
disposal (transporting) also consume energy and thus release emissions. 
4.3.2.1 Embodied Energy 
Embodied energy is defined as “the quantity of energy required by all of 
the activities associated with a production process, including the relative 
proportions consumed in all activities upstream to the acquisition of natural 
resources and the share of energy used in making equipment and in other 
supporting functions i.e. direct energy plus indirect energy” (Treloar, 1994). 
Ambrose et al. (2002) estimated the embodied energy for different pipe materials 
typically used in water and sewer applications. The embodied energy quantified 
by Ambrose et al. (2002) is the energy consumed from the cradle to the gate (i.e. 
from the raw material extraction until the product pipe leaves the manufacturing 
plant), as indicated in Figure. 9. These embodied energy coefficients were derived 
from the energy analysis studies from various international and national sources. 
Subsequently, these embodied energy values are considered in this research. 
Embodied energy coefficients for popular water and sewer pipe materials are 
presented in Table 11. According to the length, diameter and weight of the pipes, 
as per the pipe manufacturer’s standards, energy expended in the embodied 
energy phase is estimated in kW-h. The US EPA (2009) released State level all 
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generation electricity emission factors for the calculation of the CO2 emission 
footprint. The emission factor for the usage of electricity for the State of Arizona 
is 1.227 lbs/kWh. This emission factor of 1.227 lbs/kWh was used for the 
embodied energy in the research. The emissions from the embodied energy phase 
of pipes in kg/m is evaluated and presented in Table 12.  
Table 11. Embodied energy coefficients for pipe materials (Ambrose et al., 2002) 
Pipe Type Embodied Energy (MJ/Kg) 
Ductile Iron 38.2 
DICL 40.2 
PVC-U 74.9 
PE80B 75.2 
PE100 75.2 
PVC-M 76.6 
PVC-O 87.9 
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Table 12. CO2 emissions from the embodied energy phase of pipes (kg/m) 
Dia. (mm) DI (kg/m) HDPE (kg/m) 
100 95.79626 39.9658 
150 140.6184 86.50606 
200 185.4405 146.5413 
250 238.1724 227.684 
300 305.845 320.2454 
350 355.0614 386.1631 
400 433.2803 504.3304 
450 502.7107 638.2417 
500 593.2337 787.8972 
550 - 953.2968 
600 710.1228 1134.614 
650 - 1331.501 
700 - 1544.306 
750 1015.089 1772.855 
900 1343.784 2552.794 
 
4.3.2.2 Installation Phase 
Installation of water distribution network mainly involves installing 
underground pipelines. Pipes can be installed underground using open cut 
methods or trenchless technology applications. Popular trenchless techniques for 
installing new pipelines include horizontal directional drilling (HDD), pipe 
jacking, pipe ramming, micro-tunneling and auger boring. Ariaratnam and 
Sihabuddin (2008) quantified and compared emissions from installing a 
wastewater line using traditional open cut method and pipe bursting. They 
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reported that the option involving trenchless method resulted in reducing the 
overall average emissions by 80% compared to open cut method. This was mainly 
due to the number and size of equipment required for the open cut installation 
when compared to trenchless methods. Horizontal Directional Drilling (HDD) is a 
trenchless method that offers a number of benefits over traditional open cut 
method (Ariaratnam et al., 2009).  HDD can be implemented with very little 
disruption to the surface activities, requires less working space, and may also be 
performed more quickly than open cut methods (Bennett and Ariaratnam, 2008). 
Given the environmental and other benefits of trenchless technologies, HDD 
method was selected as an option to estimate carbon emissions from the 
installation phase of water distribution networks.  
 Horizontal Directional Drilling involves steerable systems for installation 
of both small-and large-diameter pipelines. The method involves a two stage 
process. The first stage consists of drilling a small diameter pilot bore along the 
desired path of the proposed line. The second stage consists of enlarging the pilot 
bore (with the help of a reamer) to a desired diameter (typically 1.5 times the 
pipe’s outer diameter) to accommodate the new pipeline and pulling it through the 
enlarged borehole. Fig. 10 illustrates the second stage of the HDD process where 
a reamer is passed through the borehole. Sometimes, the enlargement process may 
involve several steps where the desired diameter is obtained gradually. 
Sihabuddin and Ariaratnam (2009) developed an emission calculator (E-Calc) to 
quantify emissions resulting from an underground utility project. The tool is user 
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friendly and the inputs can be obtained from daily project progress reports and 
equipment data available from company maintenance records. The same emission 
calculator is used in this research to quantify emissions from the installation 
phase. Since there are many pipes in any water distribution system, a typical 
scenario of water pipeline installation is considered to estimate the installation 
emissions. The typical scenario assumed in this research is a demonstration 500 ft, 
8” diameter water pipeline at a representative 4ft depth. The total emissions from 
the installation of the entire water distribution pipe network can be estimated by 
extrapolating the emissions obtained from the typical scenario. Table 13 presents 
the details of the equipment usage requirements for installing 500 ft of 8” water 
line at a 4ft depth. The data was obtained from contractor estimates. Table 14 
illustrates the estimated emissions for each piece of equipment on the job site for 
the typical scenario demonstration. It can be noted that the CO2 emissions amount 
to 3.12 S/T (1S/T = 0.907 Metric Ton) or 2830.4 kg. The emissions resulted from 
the transportation (i.e. shipping pipes, equipment and hauling excavated material) 
are estimated separately.   
 
Figure 10. A snapshot of the HDD process (Lueke, 2005)   
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Table 13. HDD Equipment Requirements 
Activity Equipment Model Rated Power (hp) 
Useful Life 
(hrs) 
Cum. Usage 
(hrs) 
Load Factor 
(%) 
Activity Time 
(hrs) 
Pothole 
Utilities 
Excavator Vac-Tron Mini Combo 850 SD/DT 49 15,000 3,000 85 6 
Crew Truck 1Ton Ford F350 350 100,000 10,000 50 3 
Dig pits 
Backhoe John Deere 310J 84 20,000 3,000 75 4 
Dump 
Truck** Sterling Truck - - - - - 
Pilot Hole 
Drill Rig Ditch Witch J4020 190 12,000 2,250 50 8 
Excavator Vac-Tron Mini Combo 850 SD/DT 49 15,000 3,000 85 2 
Pre-reaming 
Drill Rig Ditch Witch J4020 190 12,000 2,250 85 8 
Excavator Vac-Tron Mini Combo 850 SD/DT 49 15,000 3,000 85 3 
Pull Back 
Drill Rig Ditch Witch J4020 190 12,000 2,250 85 8 
Excavator Vac-Tron Mini Combo 850 SD/DT 49 15,000 3,000 85 8 
Backhoe John Deere 310J 84 20,000 3,000 50 4 
Restoration 
Dump 
Truck** Sterling Truck - - - - - 
Roller Caterpillar CB214D 30 16,000 2,000 40 3 
**These activities are included in the transportation phase of the emission calculations. 
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Table 14. Emissions from the installation phase of the project 
Equipment HC (lbs) 
CO 
(lbs) 
NOx 
(lbs) 
PM 
(lbs) 
CO2 
(S/T) 
SOx 
(lbs) 
Backhoe 0.78 5.69 4.8 0.46 0.32 1.3 
Excavator 0.51 4.16 7.85 0.79 0.52 2.1 
Crew Truck 0.2 1.5 3.01 0.26 0.31 1.25 
Drill Rig 1.5 8.93 20.94 3.9 1.95 7.91 
Roller 0.02 0.19 0.36 0.03 0.02 0.1 
Total 3.0 20.5 37.0 5.4 3.1 12.7 
 
The transportation requirements for the typical scenario of pipeline 
installation are presented in Table 15 along with the estimated travel distances. 
The distance travelled from the manufacturing plant to the local distributor plus 
the distance from distributor to the project site is taken as the total distance 
covered by a truck to deliver the pipe on the project site. The emission calculator 
has a provision to quantify emissions resulting from transportation trucks. The 
amount of fuel consumed and the subsequent production of emissions depend on 
the load on a truck. Subsequently, the transportation of heavier pipes such as 
Ductile Iron would result in greater emissions compared to certain plastic pipes. 
To account for this difference in densities, a load factor for the transportation 
trucks was estimated according to Eq. 32. It is assumed that the value in the 
denominator of Eq. 32 is approximately equal to the gross vehicle weight (GVW). 
It is estimated that the emissions generated from transportation phase for the 
typical scenario considered is about 707.6 kg. Subsequently, the total carbon 
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Table 15. Transportation requirements for the typical scenario 
Truck Activity 
Name Model Model Year 
GVW (lbs) 
or Class 
Mileage 
(mi) Name 
One way dist. 
(mi) 
Return Dist. 
(mi) Trips 
Transport Peterbilt 2009 Class 8A 30,000 Transport Equipment 20 20 1 
Transport Sterling 2008 Class 8A 45,000 Transport Pipe Spools 375** 0 1 
Haul 
Truck Sterling 2007 Class 8A 45,000 
Haul 
Excavations 10 10 3 
 
**The one way distance between the manufacturing plant-storage and storage-construction site is assumed to be 375 miles for all 
plastic and ductile iron pipes assuming their manufacturing plants are located near Los Angeles, California. This assumption is 
made for being consistent for all pipe materials while estimating the CO2 emissions. This does not really mean that there is a 
ductile iron pipe manufacturing plant in Los Angeles, CA. 
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emissions from the installation phase for the demonstration 500 ft of 8” water line 
at a 4ft depth is estimated to be 3538 kg. The rate of production of underground 
pipe installation using horizontal directional drilling is typically constant and 
subsequently it is assumed that the carbon emissions from the installation phase 
are proportional to the length of pipe installed. The emissions from this typical 
scenario are then extrapolated by the pipe length to quantify the emissions from 
the installation of the entire pipe network 
       ܮ݋ܽ݀ ܨܽܿݐ݋ݎ௜ ሺ%ሻ ൌ  ௐ௘௜௚௛௧ ௢௙ ௘௠௣௧௬ ௧௥௨௖௞ାௐ௘௜௚௛௧ ௢௙ ௣௜௣௘௦೔ௐ௘௜௚௛௧ ௢௙ ௘௠௣௧௬ ௧௥௨௖௞ା ெ௔௫௜௠௨௠ ሺௐ௘௜௚௛௧ ௢௙ ௣௜௣௘௦೔ሻ (32) 
Where, “i” = pipe material.  
 
4.3.2.3 Usage Phase 
The usage phase of a water distribution network can be divided into three 
categories to account for the CO2 emissions. Water needs to be pumped at a 
certain required pressure head and flow rate using pumps which involves energy 
consumption and produces emissions. The second category is the 
maintenance/inspection activities which also consume energy and release 
emissions. The third category is the emissions associated with pipe break repairs 
or pipe rehabilitation.  
A centrifugal pump converts the input power to kinetic energy of the 
liquid which later transforms into pressure energy. Liquid (water in this case) 
enters the pump suction and then the eye of the impeller. When the impeller 
rotates, it spins the liquid outward giving the liquid some kinetic energy and when 
the liquid is faced with resistance, pressure energy is created. Depending on the 
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required pressure head, the pump type would be selected. There are friction losses 
(Hf) to consider all along the length of the pipe that could be calculated using 
Hazen-Williams equation. Piratla and Ariaratnam (2012) explained the procedure 
for including the corrosion effects on the energy estimations in water distribution 
systems. The power required in adding a head of H (in ft) to a flow of Q (in gpm) 
can be estimated using Eq. 30.  It should be noted that the head added to the flow 
should be more than the required nodal head as the energy is expected to be lost to 
the friction in pipes. The energy lost to friction in a given pipe can be estimated 
using Eq. 19 as illustrated earlier.  
The power used by the pump can also be alternatively estimated using the 
EPANET toolkit function “getlinkenergy”. The pumping energy (in kW-h) could 
be estimated by multiplying the pumping power (kW) with the operational time. It 
is assumed that the pump is operated for 12 hours a day. The life cycle time is 
considered as 50 years in this research as stated in the earlier sections of this 
dissertation. CO2 emissions are estimated from the energy consumption using the 
same emission factor of 1.227 lbs/kWh.  
The second category in the usage phase of a water distribution system’s 
life cycle is maintenance work which includes cleaning and inspection activities. 
Internally, water mains are relatively clean compared to sewer mains due to the 
continuous flow of water at a relatively greater speed. Sewer mains require 
significant cleaning using high pressure water jetting technologies. Leak detection 
is an important aspect that needs constant attention as water is lost due to leaky 
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pipes every year. Leaks inflate downstream demands, increase energy 
expenditures, erode utility revenue, and compromise water quality (Colombo and 
Karney 2002). Numerous leak detection tools are currently being used in the 
water industry including acoustic and infrared tools. Due to the difficulty in 
modeling the random variation in maintenance energy expenditure, it is accounted 
for in this research by using a factor (0.25) on the pumping emissions similar to 
the maintenance cost estimation.  
The third category considered is the pipe break repair energy. Water main 
breaks are previously modeled by many researchers as discussed in the earlier 
sections of this chapter. Water pipes need to be repaired as soon as possible to 
control the damage caused by the breaks and to restore the service. Water pipes 
can be repaired using either open cut methods or trenchless rehabilitation 
techniques such as CIPP Point Patch. CIPP point patch techniques can be used to 
seal the leaky/break areas of the pipe. Although CIPP and other trenchless 
techniques are becoming popular, open cut methods are still the preferred choice 
of the municipalities for pipe repairs. The emissions resulting from open cut 
rehabilitation of the pipe is estimated in this research.  
Upon indentifying the location of the leak, the soil cover above the pipe is 
excavated and the pipe is clamped using a stainless steel clamp. Typically such 
stainless steel clamps are protected from corrosion using a rubber layer inside. A 
typical break length of 2ft was assumed to be a reasonable value for modeling the 
emissions from a water main break. The life cycle energy required to repair the 
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break is calculated as the sum of embodied energy of the stainless steel clamp, 
and the energy required: a) to operate the equipment, b) handle materials 
(including spoils) and c) transportation needs during the repair process. The 
emissions from the construction equipment and transportation activities are 
estimated using E-Calc. The embodied energy and CO2 emission factors for 
stainless steel are adapted from Alcorn (2003). CO2 emissions for a range of 
clamp diameters (ANSI/NSF 61 standards) is estimated based on Alcorn (2003)’s 
embodied energy estimates. The repair equipment consists of a backhoe that is 
expected to be used depending on the dimensions of the excavated area. It was 
learned from an underground pipeline contractor that an hour of backhoe usage is 
typically required to repair a single pipe break. Table 16 presents the CO2 
emissions per break repair estimated in this research. These values are used in this 
research for various benchmark networks considered for analysis.  
4.3.2.4 End of Life Phase  
As explained in the life cycle costs section earlier in this chapter, water 
distribution system pipe components are typically abandoned in the ground. 
Subsequently, disposal phase is ignored for life cycle emissions analysis.    
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Table 16. Total emissions/pipe break repair (kg of CO2) 
Nom. Pipe Size 
Length of Clamps 
6” 7.5” 10” 12.5” 15” 20” 24” 30” 
2” 37.12 37.12 39.59 39.59 44.54 NA NA NA 
3” 37.12 39.59 39.59 42.07 49.49 NA NA NA 
4” 39.59 42.07 44.54 47.02 51.97 61.87 66.82 79.20 
6” NA 44.54 49.49 51.97 61.87 69.29 79.20 94.05 
8” NA 47.02 51.97 54.44 64.34 74.25 86.62 101.47 
10 NA 54.44 61.87 66.82 86.62 96.52 106.42 131.18 
12” NA 59.39 66.82 71.77 94.05 101.47 116.32 146.03 
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4.3.3 System Reliability  
Reliability is added as an additional constraint in this research for few 
scenarios as shown in Table 8. Reliability is defined as the probability that the 
system performs within specified limits for a given period of time (Su et al., 
1987). As the system ages, the pipes deteriorate structurally becoming vulnerable 
to breaks. Water supply is interrupted due to such pipe breaks and subsequently 
system reliability is affected. Looped systems in general are more reliable than 
branched systems as the flow and pressure demand at a particular node can still be 
met if one of the pipes connecting to that particular node breaks. Reliability in this 
research is estimated using minimum cut-set method which was found to be a 
popular method for evaluating system reliability. Reliability at various stages of 
system’s life cycle is constrained in this research. As discussed earlier in this 
dissertation, reliability measured using minimum cut-set method is considered 
acceptable if it is more than 80% at the end of the life cycle.  
Minimum cut sets are obtained by closing a single pipe or combination of 
pipes simultaneously and checking the nodal pressure. If nodal pressure is not 
satisfied at any of the nodes in the system, the closed pipe or the combination of 
pipes is a minimum cut set of the system. All the pipes in a minimum cut-set have 
to fail for the system to fail. All the minimum cut-sets are identified to evaluate 
system reliability. Probability of a link failure is assumed to follow a poison 
distribution (Eq. 33) as suggested and adapted by various researchers in the past 
(Su et al., 1987). The probability of a minimum cut-set failing in the system is the 
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product of the probabilities of individual pipe failures (Eq. 34) as these failures 
are independent. Upon identifying all the minimum cut-sets in the system, the 
probability of system failure is estimated using Eq. 35 as the sum of the 
probabilities of failure of all the minimum cut-sets. System reliability is obtained 
using Eq. 36 by subtracting the system failure probably from one. Benchmark 
water distribution systems are designed in this research using the developed 
model to obtain optimal system design with reliability more than 80% at the end 
of design life. 
                                                      ௝ܲ ൌ 1 െ ݁ିఉೕ (33) 
                                                   ܲሺܯܥ௜ሻ ൌ ∏ ௝ܲ௡௝ୀଵ  (34) 
                                                   ௦ܲ ൌ ∑ ܲሺܯܥ௜ሻெ௜ୀଵ  (35) 
                                                       ܴ௦ ൌ 1 െ ௦ܲ (36) 
Where, Rs = System reliability; Ps = Probability of system failure; P(MCi) = 
Probability of failure of ith minimum cut set; M = number of minimum cut sets in 
the system; n = number of pipes in the ith minimum cut set; Pj = Probability of 
failure for link j; βj = expected number of failures per year for pipe j (= rj*Lj); rj = 
break rate per year per unit length at the end of life cycle (obtained using data 
from Table 10 and Eq. 26); Lj = length of pipe j.  
4.3.3.1 Reliability Constrained at Various Stages of a Life Cycle 
A newly installed system is expected not to have many breaks early in its 
life cycle. As it ages, the pipes in the system will begin to break thus reducing the 
reliability of the system. Therefore, it is essential to ensure that the system is 
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reliable at an accepted level for its entire life time. Subsequently, four cases have 
been considered in this research where reliability is constrained to be more than 
80% after: a) 20 years, b) 30 years, c) 40 years and d) 50 years, into the system’s 
design life, as illustrated in Table 17. Case (d) constrains system reliability to be 
more than 80% after 50 years into the life cycle of the system. The model 
developed in this research is applied to all scenarios presented in Table 8 for each 
of these four cases presented in Table 17.  
Table 17. Parameters for different cases considered for constraining reliability at 
various stages of a life cycle 
Case Design Life 
(years) 
Reliability constrained after “t” 
years 
a 50 20 
b 50 30 
c 50 40 
d 50 50 
 
4.4 Conclusions 
 Chapter 4 discussed various critical parameters considered in this research 
as objectives and constraints. They are: a) Life cycle costs, b) Life cycle CO2 
emissions, c) System reliability. These parameters are defined and quantified in 
this chapter for their usage in the developed optimization model.  
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CHAPTER 5: MODEL DEMONSTRATION 
5.1 Introduction 
The model developed in this research is demonstrated in this chapter using 
two benchmark water distribution networks which were widely used by 
researchers in the past. The first water distribution network (WDN-I) is a simple 
network supported by an elevated reservoir requiring no pumps. The second water 
distribution network (WDN-II) is another simple network that has a reservoir 
supported by pumps. Scenarios 1 to 8 are considered in this demonstration to 
obtain various design alternatives for these two benchmark networks. The design 
analysis is followed by a discussion on the results and their usefulness.  
5.2 Water Distribution Network (WDN) - I 
WDN-I, illustrated in Fig. 11, is a simple network that was first introduced 
by Alperovits and Shamir (1977) to demonstrate their model. Since then, 
numerous researchers have used their simple network as a benchmark to test their 
models (Eusuff and Lansey, 2003; Geem et al., 2002; Banos et al., 2007; Cunha 
and Sousa, 1999; Neelakantan et al., 2008; Mohan and Jinesh, 2009). WDN-I 
consists of eight pipe links connected between six demand nodes and a source 
node. A reservoir is located at the source node for this network. The reservoir is at 
an elevated level and subsequently there is no necessity for a pump. The nodal 
elevations and demands for WDN-I are presented in Table 18. The required 
pressure head at all the demand nodes is considered as 30m above the elevation 
head. All pipe links in WDN-I are 1000 meters long. Water distribution network 
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information is provided to the algorithm in the form of an input file (.inp) which 
was prepared based on the input data gathered from previous studies for WDN-I.  
 
Figure 11. Layout of the Benchmark Water Distribution Network - I 
Table 18. Elevation and Nodal Demands for WDN-I 
Node Elevation (m) Demand (m3/hr) Required Pressure (m) 
1 210 - - 
2 150 100 30 
3 160 100 30 
4 155 120 30 
5 150 270 30 
6 165 330 30 
7 160 200 30 
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The model developed in this research is used to investigate various design 
alternatives for WDN-I considering scenarios 1 to 8 from Table 8. Each scenario 
has specific objectives and constraints for the optimization problem as shown in 
Table 8. The decision variable set for the optimization framework for all the 
scenarios consists of the diameters for the eight pipe links of WDN-I. Ductile Iron 
pipe is considered as the pipe material for this demonstration and all the available 
ductile iron pipe sizes in the market are considered as the choices for decision 
variables in this demonstration. All potential pipe diameter possibilities along 
with their corresponding diameter indices are presented in Table 19. Hazen- 
William’s constant of 130 was used consistently for all the pipes in the network.  
Table 19. Diameter options for the decision variables for WDN-I 
Inside Diameter  
(mm) Diameter Index 
Inside Diameter 
(mm) Diameter Index 
100 1 400 7 
150 2 450 8 
200 3 500 9 
250 4 600 10 
300 5 750 11 
350 6 900 12 
 
 The algorithm searches for various combinations of these diameters for the 
eight pipe links that will result in the best objective value for each scenario. The 
corresponding costs and emissions data for each of these pipe diameters is 
presented in Chapter 4. The model is run on WDN-I for each of the eight 
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scenarios and the results from this demonstration are illustrated in Table 20. 
Although WDN-I looks simple, there could be 128 potential design solutions. The 
results from this analysis are also illustrated in Fig. 12.  
5.2.1 Results and Discussion 
There has been a lot of research in the optimal design of water distribution 
systems for the past three decades. The complexity of such a design problem still 
baffles researchers to come up with the most efficient model that would estimate 
the global optimal values for the cost and other aspects of the distribution network 
that are critical. Efficient solutions are obtained by the use of efficient algorithms. 
The design parameters considered are as important as the efficiency of the 
algorithm chosen to conduct the analysis. If the objective of the problem was just 
to minimize the installation costs of pipes in a water distribution network, which 
has been the case for decades as considered by various researchers, then it is just 
the matter of finding a better algorithm that would produce the most optimal 
solution. However, it may not be sufficient to design a water distribution network 
by minimizing installation costs alone. It can be observed from the analysis in this 
research (scenario 1) that the system reliability of the network designed by 
minimizing installation cost is only 54.4 % which is not a desired value. It is 
essential for the designed network to be reliable at an acceptable level in order to 
be in a functional state in case of pipe failures. Subsequently, reliability is added 
as a constraint in the design optimization problem similar to  
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Table 20. Results for various scenarios considered in this research for WDN-I 
Scenario Reliability Actual 
Installation 
Cost ($) 
L.C.C 
($) 
L.C.E 
(kg of CO2) 
Diameter 
 Set 
1 54.38% 1,989,307 5,508,796 2,638,010 8,3,8,3,7,4,2,1 
2 88.53% 2,313,663 6,109,518 2,991,140 11,2,7,4,6,4,1,1 
3 0.00% 2,326,756 4,062,487 3,021,841 8,5,7,5,6,5,5,5 
4 88.53% 2,710,742 4,398,118 3,401,052 11,5,6,5,5,5,5,5 
5 54.38% 1,989,307 5,508,796 2,638,010 8,3,8,3,7,4,2,1 
6 88.53% 2,313,663 6,109,518 2,991,140 11,2,7,4,6,4,1,1 
7 61.40% 2,024,539 5,242,952 2,671,693 9,4,7,2,6,4,4,1 
8 88.53% 2,409,180 5,615,973 3,034,667 11,3,8,4,5,3,1,3 
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what Deepthi et al. (2009) and Su et al. (1987) have done. This constraint is added 
to the model in scenario 2 so that a pre-defined level of system reliability (80%) is 
ensured until the end of the useful life which is considered as 50 years. 80% was 
chosen as the limit to understand the tradeoffs in the objective functions when 
reliability is added to the model. The cost estimated by the model increased from 
$1.99 million (in scenario 1) to $2.31 million (in scenario 2) when reliability 
constraint is added. This is the tradeoff between capital costs and hydraulic 
reliability of the water distribution system. It can be understood from this tradeoff 
that the additional capital cost of having a relatively reliable system is 
approximately $0.32 million in the case of WDN-I.  
 
Figure 12. Illustration of results on WDN-I considering scenarios 3-6 
Neelakantan et al. (2008) demonstrated that the incorporation of the pipe 
break repair costs and pipe replacement costs in the design of water distribution 
 92 
networks resulted in cost benefit. It can also be argued that minimizing life cycle 
costs is more appropriate than minimizing the installation costs of water 
distribution networks from a sustainability stand point. Subsequently, life cycle 
costs are considered as the objective in scenario 3 and reliability constraint is 
added in scenario 4 along with life cycle costs as an objective. Comparing 
scenarios 1 and 3, it can be observed that the savings in life cycle costs are 
approximately $1.4 million (26%) when the objective is changed from just 
minimizing installation costs to minimizing life cycle costs. This difference could 
be even more significant in case of large water distribution networks. Similarly, 
the savings from scenario 2 to scenario 4 are approximately $1.7 million (28%). 
The life cycle costs in scenario 3 were $4 million which increased to $4.4 million 
when reliability is constrained to be more than 80%. Again, this is a tradeoff 
between cost and reliability. An additional life time investment of $0.34 million 
(8%) would ensure a hydraulic reliability of 88% after 50 years in the life cycle of 
WDN-I. 
 Until recently, the design of water distribution systems was all about cost 
optimization and reliability considerations. However, the impacts of water 
distribution networks on the environment have not been considered adequately. 
With the focus on sustainability and climate change concerns, various additional 
objectives are considered in the design of systems in order to make systems more 
sustainable. Minimization of energy usage, minimization of greenhouse gas 
emissions and minimization of sludge disposal are some of those objectives. Wu 
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et al. (2010) used a multi-objective genetic algorithm to investigate the tradeoffs 
between economical and environmental objectives. Wu et al. (2010) considered 
minimizing CO2 emissions as another objective along with life cycle costs in the 
design of water distribution systems. Similarly, an objective to minimize CO2 
emissions is added in scenario 5 of this research. Scenario 5 presents a model 
where only life cycle CO2 emissions have been minimized where as scenario 6 
adds a reliability constraint of 80% for the same objective. The life cycle 
emissions in scenario 5 were 2.64 kilotonne which increased to 2.99 kilotonne 
when reliability is added as a constraint in scenario 6. Scenario 7 presents a model 
similar to that of Wu et al. (2010) where life cycle costs along with life cycle CO2 
emissions have been minimized using multi-objective optimization. However, the 
hydraulic reliability of such a model (as in scenario 7) is about 61% which is not 
very desirable. Subsequently, there is a need for a model which also ensures 
hydraulic reliability while minimizing life cycle costs and life cycle CO2 
emissions.  
Scenario 8 in this research presents exactly such a model. The hydraulic 
reliability is constrained to be more than 80% and as a result, life cycle costs 
increased from $5.24 million (in scenario 7) to $5.61 million (in scenario 8). The 
life cycle CO2 emissions increased from 2.67 kilotonne (1 kilotonne = 106 kg) (in 
scenario 7) to 3.03 kilotonne (in scenario 8) when reliability constraint is added to 
the model. In other words, there is a 7.1% increase in life cycle cost and 13.6% 
increase in life cycle CO2 emissions when reliability constraint is added to the 
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model with objectives of minimizing life cycle costs and life cycle emissions for 
WDN-I. This increase could also be seen in Fig. 12 by looking at scenarios 7 and 
8. This is the tradeoff between cost, emissions and reliability. Similarly, by 
comparing scenarios 3 and 7, it can be observed that it costs an additional $3.37 
million for every kilotonne reduction in CO2 emissions. This ratio is very much 
sensitive to emissions from the operations phase of a water distribution network. 
Pumping energy during the operations phase of a water distribution network 
contributes dominantly towards life cycle emissions of the system (Piratla and 
Ariaratnam, 2012). Since there is no pump in WDN-I, the ratio of additional cost 
investment (in $ million) for every kilotonne reduction in life cycle CO2 
emissions is high. In the case of a large water distribution network with a pump, 
this ratio could be significantly low as can be seen from the results of analysis on 
WDN-II. Life cycle costs, life cycle emissions and reliability are all essential 
aspects that need to be considered in the sustainable design of water distribution 
systems. It can be understood from the demonstration of SRNET on WDN-I that 
there are significant trade-offs between these parameters while designing water 
distribution networks. The scenarios in Fig. 12 clearly split into two categories 
clearly showing the impact of constraining system reliability in the scenarios 4, 6 
and 8. 
5.2.2 Comparison of Results with Previous Models: Validation 
WDN-I is a widely studied benchmark network in the area of optimal 
design of water distribution systems. Subsequently, the model developed in this 
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research is compared with the best models from the literature. The cost data for 
pipes used in this research for investigating the design alternatives of water 
distribution networks is obtained from the pipe manufacturers. Many researchers 
who used WDN-I as a benchmark network used the cost data proposed by 
Alperovits and Shamir (1977) as shown in Table 21. To be able to compare the 
results from SRNET (i.e. the model developed in this research) with those from 
the literature, SRNET is run on WDN-I using the same cost data presented in 
Tables 21 for scenario 1. Scenario 1 which minimizes the installation cost of 
water distribution systems was the most used scenario in the literature for the 
design of water distribution systems.  
Table 21. Pipe cost data adapted from Alperovits and Shamir (1977) 
Diameter (mm) Cost ($/m) Diameter (mm) Cost ($/m) 
25.4 2 304.8 50 
50.8 5 355.6 60 
76.2 8 406.4 90 
101.6 11 457.2 130 
152.4 16 508 170 
203.2 23 558.8 300 
254 32 609.6 550 
 
SRNET returned the most optimal value of $419,000 for the installation 
cost while complying with network conditions and minimum pressure constraints. 
This optimal value was obtained in the 8th run of the model with 1000 generations 
in each run. This value is in compliance with reported optimal value in the 
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literature using stochastic optimization techniques (Savic and Walters, 1997; 
Cunha and Sousa, 1999; and Eusuff and Lansey, 2003). It is also observed that the 
model presented in this research took less number of evaluations to arrive at the 
most optimal value. This comparison with the best models from literature 
validates the model developed in this research. The results from the multi-
objective optimization scenarios in this research will serve as a benchmark to 
compare with any future models in this area of research.  
5.2.3 Reliability Constrained at Various Stages of a Life Cycle: WDN-I 
 
As discussed in Chapter 4, design alternatives are investigated in this 
research constraining reliability not only at the end of the life cycle but also at 
various stages of the life cycle. Four cases are considered for this analysis as 
shown in Table 17. SRNET is used to design WDN-I for all the scenarios in Table 
8 for each of the cases in Table 17.  The results and the trade-offs are illustrated 
in Figure 13.  
It is observed that case (d) is at the farthest corner indicating that the 
design of water distribution network with reliability constrained to be more than 
80% after 50 years into the design life has the highest life cycle cost and life cycle 
CO2 emissions. Furthermore, the longer the system needs to be reliable, the larger 
the diameters should be, resulting in higher cost and emissions. There are 
additional costs and emissions in a design that makes the system reliable for a 
longer period of time. 
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Figure 13. Comparison of cases when reliability is constrained at various stages of 
a life cycle 
There is a 15.2% increase in life cycle costs and a 16.1% increase in life 
cycle CO2 emissions when reliability of the system needs to be at minimum 80% 
after 50 years into the design life when compared with a similar design that does 
not constrain reliability at all. Similarly, there is a 5% increase in life cycle cost 
and 4.4% increase in life cycle CO2 emissions when reliability after 40 years into 
the design life is constrained to be more than 80%. There is a 2% increase in life 
cycle cost and 1.3% increase in emissions when reliability after 30 years into the 
design life is constrained to be more than 80%. This analysis illustrates the use of 
the tool developed in this research to estimate costs and emissions for various 
levels of reliability that might be required while designing a water distribution 
system.  
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5.3 Water Distribution Network (WDN) - II 
The model developed in this research was demonstrated using WDN-I and 
it produced various design alternatives as illustrated in Table 20. However, WDN-
I is a very simplistic assumption of a real world water distribution system since it 
is small and does not have a pump. The dynamic of analysis changes completely 
with the presence of a pump in the water distribution network. A pump adds to the 
capital costs and also consumes a significant share of energy for pumping water to 
the demand nodes at the required pressure by contributing to the CO2 emissions. It 
was estimated that pumping emissions are dominant in a pipe’s life cycle 
compared to any other phase (Piratla and Ariaratnam, 2012). Subsequently, a 
pump included water distribution network (WDN-II), as shown in Fig. 14, is 
considered to demonstrate the developed model. 
 
Figure 14. Layout of the Benchmark Water Distribution Network - II 
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WDN-II was initially set up by Walski et al. (1987) and is popularly 
known as “Anytown” water distribution network. WDN-II was set up as a 
realistic representation of a typical water distribution network. WDN-II is 
comprised of 22 nodes, 1 reservoir, 3 pumps, 2 tanks and 43 pipe links. The input 
file for WDN-II is prepared using data collected from previous model 
demonstrations on this network. WDN-II was widely used in the literature with an 
objective of determining the most economical and effective alternatives to meet 
projected demands taking into account pumping costs and capital costs. In this 
research, however, WDN-II is designed in its entirety using the model developed. 
This benchmark network was chosen in this research for its realistic nature with 
relatively large number of pipelines compared to most of the smaller benchmark 
networks studied by previous researchers.  
The minimum required pressure head at each of the nodes in this network 
is 68.5 m. An additional pump characteristic curve (P2) is considered in this 
research as shown in Table 22, in addition to the benchmark pump curve (P1) that 
has been widely used with WDN-II in the past. Three decision variables for three 
pumps are considered for this network with each having the option of choosing 
either P1 or P2 or none. Besides Geem (2009), there are not many previous 
models that considered pump capacities as decision variables in the optimization 
problem. Forty-three decision variables are considered for the pipe diameters with 
each decision variable having fourteen options for pipe diameter as shown in 
Table 23. The cost and emissions data of HDPE pipe is used for this 
 100 
demonstration as obtained from tables 9 and 12. Tanks support the water 
distribution network but are not optimized in this research as the algorithm deals 
with only a steady state condition. Although the network may appear to be 
simplistic, there are 27*1443 different possible network designs. This 
demonstrates the complexity of this optimization problem. Adding to this 
complexity is the reliability component, which can be estimated only by 
simulating all possible failure states for each of the solutions pursued by the 
algorithm.  
Table 22. Characteristics of pump options considered 
Discharge 
(m3/hr) 
P1 - Pump Head 
(m) 
P2 - Pump Head 
(m) 
Efficiency 
(%) 
0.00 91.44 106.68 0 
454.25 89.0016 103.632 50 
908.50 82.296 97.536 65 
1362.75 70.104 88.392 55 
1817.00 55.1688 76.2 40 
 
Table 23. Pipe diameter pool for the demonstration of WDN-II 
Link Index Dia.  (mm) Link Index 
Dia.  
(mm) Link Index 
Dia. 
(mm) 
1 100 6 350 11 600 
2 150 7 400 12 650 
3 200 8 450 13 700 
4 250 9 500 14 750 
5 300 10 550   
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5.3.1 Results and Discussion 
The design of WDN-II includes pump-capital costs, pump-operational 
costs and pumping emissions in addition to those considered in the case of WDN-
I. The developed model in this research is used to investigate various design 
alternatives for WDN-II considering scenarios 3 to 8 from Table 8. The results 
from the demonstration of SRNET on WDN-II are illustrated in Table 24.  
Table 24. Results from the demonstration of SRNET on WDN-II for various 
scenarios 
Scenario  Capital Costs ($) LCC ($) LCE (tonne) 
3 17,334,104 30,786,569 318,310,120 
4 20,792,327 34,672,221 340,878,519 
5 22,207,496 32,878,911 266,005,185 
6 24,803,373 37,549,243 317,259,746 
7a 18,252,073 30,974,214 299,768,317 
7b 18,310,332 31,021,275 299,748,726 
7c 18,857,878 31,376,375 298,973,335 
8a 22,934,068 35,804,211 319,002,470 
8b 22,499,836 35,580,850 321,532,790 
8c 22,531,265 35,610,254 321,469,793 
 
The single objective scenarios 3, 4, 5, and 6 yielded the best possible 
solution in quick convergence. The two scenarios (7 and 8) with multiple 
objectives yielded the best possible non-dominant solutions as a pareto-optimal 
front. Three solutions for each of the scenarios 7 and 8 (labeled as 7a, 7b, 7c, 8a, 
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8b, and 8c) are obtained in this research. The solution vector for each of these 
scenarios consists of the set of optimal pipe diameters corresponding to the forty-
three pipe links, and optimal pump capacity options for each of the three pumps. 
 To be able to better understand the trade-off between costs and CO2 
emissions, scenarios 1, 5 and 7 (where system reliability is not constrained) are 
separately analyzed from scenarios 4, 6 and 8 (where system reliability is 
constrained).  Fig. 15 illustrates the results for scenarios 3, 5 and 7, on a cost vs. 
emissions graph. Scenario 3 represents a design option that results in the least 
possible life cycle cost, while scenario 5 represents a design for least possible life 
cycle CO2 emissions. Three possible solutions for scenario 7 represent design 
alternatives where cost is reduced when compared to scenario 5, and CO2 
emissions are reduced when compared to scenario 3. These three solutions 7a, 7b 
and 7c are non-dominant (i.e. not any one of these solutions is better than others 
both in cost and CO2 emissions). This investigation using SRNET produced five 
different optimal solutions for WDN-II. These solutions could be further analyzed 
to choose the best one that suits the stakeholder’s interest. Serchuk (2009) valued 
the greenhouse gas production at $20 per tonne ($20/t) which is in a reasonable 
range of various carbon tax estimates. Such an index could be used to choose the 
best solution from the five alternatives presented in Fig. 15. The decision maker’s 
objective should be to choose a design alternative that gives a maximum benefit 
to the society. It can be seen from Fig. 15 that solutions 7a and 7b both result in 
better cost savings (than $20/t) for unit reduction in CO2 emissions compared to 
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scenario 1. If the objective is to reduce CO2 emissions by paying the least possible 
price, then 7a seems to be the best solution. Subsequently, the results of this 
demonstration reveal that the cost of reducing CO2 emissions by choosing a better 
design alternative for WDN-II could be as low as $10.12/t (when reliability is not 
constrained in the optimization). 
 Similarly, Fig. 16 illustrates the results for scenarios 4, 6 and 8 where 
reliability is constrained to be more than 80% for the life time of WDN-II. All 
three multi-objective solutions 8a, 8b and 8c seem to represent designs that would 
cost more than $20/t reduction in CO2 emissions compared to scenario 4. Scenario 
8b results in the least cost per tonne reduction of CO2 emissions of approximately 
$46.97/t compared to scenario 4. This investigation gives more information to the 
decision maker to select a better design. If the decision maker feels it is worth to 
invest $46.97 for one tonne reduction in CO2 emissions for a reliable system, 8b 
would be the best choice. If not, the least cost scenario (scenario-4) would be the 
best choice. 
Similar to the observation from the demonstration on WDN-I, it can be 
seen from Table 24 that the scenarios where reliability is constrained result in 
higher costs and CO2 emissions. This is due to the fact that the algorithm chooses 
larger pipe diameters than required to induce sufficient redundancy into the 
system. Fig. 17 illustrates the trade-off between cost and reliability for various 
objectives considered in this research. It is estimated in this demonstration that the 
increase in cost for having a highly reliable system ranges from 12.62% to 14.2%.  
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Figure 15. Trade-offs between various design alternatives for WDN-II when 
reliability is not considered 
 
Figure 16. Trade-offs between various design alternatives for WDN-II when 
reliability is considered 
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Figure 17. Trade-off between cost and reliability for various objectives in the 
optimization of WDN-II 
5.4 Conclusions 
This chapter presented the demonstration of the model developed in this 
research on two popular benchmark water distribution networks. The model 
performed exceptionally well in producing various design alternatives in both the 
cases. While WDN-I is a simple reservoir supported system, WDN-II more 
realistically represents a typical water distribution system with pumps included in 
it. The results from the demonstrations indicate a trade-off between the three 
critical parameters considered in this research: a) Life cycle cost, b) Life cycle 
CO2 emissions, and c) System reliability. While the cost of reducing 1 tonne of 
CO2 emissions when reliability is not constrained in the case of WDN-I was 
$3371, it is only about $10 in the case of WDN-II.  
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CHAPTER 6: RESILIENCE AS A METRIC OF RELIABILITY 
6.1 Introduction 
Reliability in the context of water distribution systems has no single 
definition as discussed in the earlier chapters. Many previous researchers defined 
and quantified reliability in a different way. It is established in the literature that 
failures may be classified into two major categories: 1) Mechanical failures such 
as pipe breakage, pump failure, power outages, control valve failure etc., 2) 
Hydraulic failures such as changes in demands, changes in pressure requirements, 
ageing of pipes, inadequate pipe sizing, insufficient pumping capacity, and 
insufficient storage capability (Mays, 1996). In the past, several researchers have 
tried to combine these two types of failures to define a single measure of 
reliability. Reliability quantification based on the minimum cut-set method has 
been used often. However, there is no evidence that any particular reliability 
measure previously proposed incorporated all types of system failures. Reliability 
measurement using minimum cut-set method is computationally intensive 
especially for large water networks as it requires a significant computational 
effort to simulate various possible failed states of the system. Additionally, all the 
previous models consider only single pipe failures to reduce the computational 
intensity of the algorithm. Such a definition and quantification of system 
reliability might not accurately estimate the actual reliability of the system. 
Subsequently, resilience indices were introduced as metrics of reliability. 
Towards this effort, Todini (2000) defined and measured Resilience Index (RI) to 
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overcome the problem of accounting for reliability accurately. Todini (2000)’s RI 
is strongly related to the intrinsic capacity of the system to overcome failures and 
the RI does not require the statistical estimates of different types of uncertain 
events or failures.  
 Todini (2000)’s formulation is based on the consideration that failures or 
modified demand conditions increase the internal energy dissipation. 
Subsequently, if a surplus amount of energy is not available internally, 
interruption to delivery is inevitable regardless to the cause and its probability of 
occurrence. Therefore, in order to increase the reliability of the system, one would 
like to increase the resilience of the system. This increase in resilience is 
expressed in Todini’s formulation as an increase of the energetic redundancy 
which means a decrease of the internal energy dissipation. If the system is 
designed in such a way that the demand and pressure head are satisfied exactly 
under normal conditions, the system transforms into a new one with higher 
internal energy losses whenever the demand increases or a pipe fails. 
Subsequently, in a looped network, additional power needs to be provided at each 
node in order to have sufficient surplus energy to be dissipated internally in case 
of failures. The amount of additional power provided in the network is 
characterized as the resilience of the network. There are three major resiliency 
metrics proposed by previous researchers for water distribution networks. They 
are: a) Resilience Index (RI) proposed by Todini (2000), b) Network Resilience 
Index (NRI) proposed by Prasad and Park (2004), and c) Modified Resilience 
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Index (MRI) proposed by Jayaraman and Srinivasan (2008). These metrics and 
their formulations, which are widely used by other researchers, are explained in 
the literature review chapter of this dissertation. Banos et al. (2011) reviewed 
these three metrics and investigated and compared the effectiveness of these 
metrics for hydraulic failures. Banos et al. (2011) considered hydraulic demand 
uncertainties as failure events for their investigation. However, there is no study 
in the literature that investigated the effectiveness of these metrics for mechanical 
failures such as pipe breaks. Subsequently, in this research these metrics are 
thoroughly investigated for their effectiveness considering various high 
probability failure scenarios.  
6.2 Investigation for the Effective Resilience Metric 
In this investigation, three water distribution networks are considered in 
order to design and analyze their performance for various simulated failure 
events. The three water distribution networks are: a) WDN-I which is a simple 8-
pipe water network supported by a reservoir, b) WDN-III which is a modified 
WDN-II, and c) WDN-IV which is a 123 node network. The goal is to understand 
the performance of the three resilience metrics on various kinds of water 
distribution networks. WDN-III is obtained by removing the tanks and the 
connecting pipe links to the tanks from WDN-II. WDN-IV is a water distribution 
network generated for a corresponding electrical nodal layout based on the IEEE 
123-bus test feeder. Each node is assumed to represent a cluster of houses that 
needs to be connected with a water distribution network. Water demand is 
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estimated based on the household count at each of the nodes in the network. 
Zhang et al. (2011) estimated the per capita average daily water use for a 
community in Chandler, Arizona to be 136 gal. This value is used to estimate the 
water demand assuming an average usage time of 3 hours per day per capita, and 
3.2 persons per household which were reasonable assumptions based on previous 
studies. A looped water distribution layout, which is a preferred layout choice for 
reliable supply, is adopted in this research. The layouts of WDN-III and WDN-IV 
are illustrated in Fig. 18 and Fig. 19. The input file (.inp) for WDN-IV used in this 
research is attached in Appendix-B. The demand, elevation and pipe lengths can 
be obtained from the input file in Appendix-B.  
 
Figure 18. Layout of WDN-III 
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Figure 19. Layout of WDN-IV 
6.2.1 Design using Resilience and Cost as Objectives 
WDN-I, WDN-III and WDN-IV are designed using SRNET to understand 
various design alternatives for the scenario-9 from table 8. The objectives in 
scenario-9 are life cycle cost (LCC) and resiliency. Different design formulations 
are conducted for each of the networks using three different resiliency metrics for 
the resilience objective as described in Table. 25. The idea is to obtain various 
non-dominant Pareto-optimal front solutions for each formulation. The constraint 
in each of these formulations is the minimum required pressure as presented in 
Table 25.  
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Table 25. Formulations for resilient design 
System Formulation # Objectives Min. Pressure (m) 
WDN-I 
1 LCC & RI 30 
2 LCC & NRI 30 
3 LCC & MRI 30 
WDN-III 
1 LCC & RI 68.5 (Head) 
2 LCC & NRI 68.5 (Head) 
3 LCC & MRI 68.5 (Head) 
WDN-IV 
1 LCC & RI 40 
2 LCC & NRI 40 
3 LCC & MRI 40 
 
Figures 20, 21, & 22 illustrate the Pareto-optimal solution front for the 
design of WDN-I, WDN-III and WDN-IV for the three resilience metrics 
considered in this investigation. For each resiliency metric, all non-dominant 
solutions are feasible with either cost or resilience better than all other solutions in 
the Pareto-optimal front. The performance of these non-dominant solutions for 
various simulated failed states is then analyzed to identify the most efficient 
resilience metric out of the three. Failed states are simulated by breaking all 
possible combinations of single and double pipes in each of three networks WDN-
I, WDN-III and WDN-IV. The probability of two or more breaks occurring 
simultaneously is low and subsequently such failed states were not considered. A 
visual basic for applications (VBA) code was written to analyze the system’s 
performance in terms of meeting the pressure requirements at all the nodes for 
each failed state considered. The failed system state simulation is communicated 
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to the algorithm by using a status-link function from EPANET toolkit. The logic 
of the VBA code is presented in Fig. 23 as a flowchart. For each failed state, for 
each design solution of the Pareto-front of each network, the performance of the 
system is analyzed. A statistical performance measure called “Average Percentage 
of Feasible Scenarios (APFS)” is used to analyze the results from this analysis. 
APFS is the average of the number of feasible solutions for all failed states for 
each Pareto-solution. A similar indicator “Average Percentage of Unfeasible 
Scenarios (APUS)” was first defined and used by Banos et al. (2011) for 
analyzing system performance for simulated hydraulic failures. Banos et al. 
(2011) reported that RI performed better in the case of WDN-I whereas NRI 
performed better in a 34-pipe network supported by an elevated reservoir called 
“Hanoi” network. Table 26 illustrates the results and compares the performance of 
the three resilience metrics for a) only single pipe failure states, b) only double 
pipe failure states, and c) single and double pipe failure states. The number of 
Pareto-optimal solutions in each design formulation and the number of failed 
states for each network are also presented in Table 26. The performance of each 
network for the three resilience metrics in terms of APFS can be understood from 
Table 26. This analysis is computationally intensive as the number of hydraulic 
analyses, that were conducted, went up to 2.65 million in the case of WDN-IV. 
Such a rigorous analysis conducted on a relatively large network (WDN-IV) 
containing 158 pipes required superior computing capacities. Fig. 24 illustrates 
the performance of the metrics (in terms of APFS) for single pipe break failure 
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states only. Fig. 25 illustrates the APFS for single and double pipe break failure 
states.  
 
Figure 20. Pareto-optimal solutions for WDN-I considering RI, NRI and MRI 
indices 
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Figure 21. Pareto-optimal solutions for WDN-III considering RI, NRI and MRI 
indices 
 
Figure 22. Pareto-optimal solutions for WDN-IV considering RI, NRI and MRI 
indices 
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Figure 23. Flowchart illustrating the logic for investigating the efficient resilience metric
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Figure 24. APFS for only single break failures 
 
Figure 25. APFS for single and double pipe break failures 
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Table 26. Results from the investigation of efficient resilience index 
Water 
Network 
Resilience 
Metric 
# 
Solutions
Single Pipe Failures Double Pipe Failures Single and Double Failures 
# failed 
states APFS 
# failed 
states APFS 
# failed 
states APFS 
WDN-1 
RI 290 
8 
52.11% 
28 
13.87% 
36 
22.37% 
NRI 163 59.82% 24.34% 32.23% 
MRI 277 50.36% 13.24% 21.49% 
WDN-3 
RI 220 
39 
78.97% 
741 
64.06% 
780 
64.80% 
NRI 188 87.19% 76.63% 77.15% 
MRI 247 75.93% 59.59% 60.40% 
WDN-4 
RI 181 
158 
93.93% 
12403 
87.39% 
12561 
87.48% 
NRI 170 93.71% 87.17% 87.25% 
MRI 211 92.88% 85.32% 85.42% 
Average 
RI 
 
75.00% 
 
55.11% 
 
58.22% 
NRI 80.24% 62.71% 65.54% 
MRI 73.06% 52.72% 55.77% 
 118 
 
It can be observed from Table 26 and Fig. 25 that the Network Resilience 
Index (NRI) proposed by Prasad and Park (2004) performed the best in the case of 
WDN-I and WDN-III for single and double pipe failures. Todini (2000)’s RI 
seems to have performed only marginally better in the case of WDN-IV; closely 
followed by NRI. The results from this analysis for WDN-I are in contrast with 
those obtained by Banos et al. (2011) where hydraulic demand uncertainties were 
considered as the failure causes. These results are inconclusive and do not 
strongly substantiate any argument of preferring a single resilience metric over 
other. This indication leads to a potential future research topic to develop an 
improved resilience index for water systems.  
Although the results do not concretely support the argument, the average 
APFS values in Table 26 seem to indicate that NRI performed better overall, 
compared to RI and MRI. This conclusion is based on the analysis of three WDNs 
and cannot be justifiably generalized. However, to illustrate the consideration of 
resilience as an objective into the design optimization model, NRI is incorporated 
as the resilience metric.  
6.3 Demonstration of the Three-objective Optimization Model 
The three-objective optimization model is demonstrated using two 
relatively large water distribution networks: a) WDN-IV and b) WDN-V.  
6.3.1 WDN-IV 
As discussed in the previous section of this chapter, WDN-IV is a 123 
node water distribution network developed for a corresponding electrical nodal 
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network. The layout of WDN-IV is illustrated in Fig. 19. SRNET is used to 
design WDN-IV considering scenario 10 from Table 8. The objectives of this 
optimization are life cycle costs, life cycle CO2 emissions and network resilience 
index (NRI). While costs and emissions are minimized, resilience is maximized in 
the optimization. SRNET produced about 800 design alternatives for this 
demonstration and the raw results are illustrated in Fig. 26. These results are 
sorted to obtain 146 non-dominant solutions for WDN-IV. The non-dominant 
solutions are illustrated in Fig. 27 as a 3D scatter plot. Each point in Fig. 26 
represents a design alternative for WDN-IV in which either cost, CO2 emissions 
or resilience is better than those of other solutions. Fig. 28, Fig. 29 and Fig. 30 
illustrate the projection of 3D scatter plot onto the axes. It can be observed from 
these projections that cost and emissions are increased with an increase in the 
resilience. This analysis illustrates the trade-off between the three critical 
parameters of this research. A solution with high resiliency has high costs and 
emissions, while a solution with low cost has a lower resilience. A sustainable and 
resilient design solution is one with affordable cost, acceptable emissions and 
reasonably high resilience. The final design can be selected from these 
alternatives by considering the project-specific interests. An approach is proposed 
in this research to demonstrate the selection of a final solution by understanding 
the requirements.  
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Figure 26. 3D scatter plot showing the raw results from SRNET for the design of 
WDN-IV 
 
Figure 27. 3D scatter plot of all non-dominant solutions for WDN-IV 
 121 
 
 
Figure 28. Projection of 3D scatter plot onto the Cost vs. Emissions plane 
 
Figure 29. Projection of 3D scatter plot onto the Cost vs. Resiliency Plane 
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Figure 30. Projection of 3D scatter plot onto the CO2 Emissions vs. Resiliency 
Plane 
6.3.2 WDN-V 
WDN-V is a water distribution network that is obtained by modifying a 
large benchmark network, EXNET, originally set up as a realistic benchmark 
problem by Exeter University. The two tanks in the original EXNET are replaced 
with fixed head reservoirs. WDN-V, as depicted in Fig. 31, consists of 2467 pipes 
and is expected to serve a population of 400,000 (Farmani et al., 2005). The input 
file EXNET can be downloaded from the University of Exeter’s Center for Water 
Systems website. WDN-V is by far the largest water distribution network 
considered in this research and only few models have studied such large networks 
in the past. The three-objective optimization model is used to design WDN-V. 
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One hundred non-dominant solutions obtained from the design of WDN-V are 
presented in Fig. 32.  
 
Figure 31. Layout of WDN-V 
 
 
Figure 32. 3D scatter-plot of the non-dominant solutions of WDN-V 
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6.3.3 Choosing Sustainable and Resilient Design Alternatives 
One approach, proposed in this research, is to choose an acceptable 
solution that is both sustainable and resilient. This approach is demonstrated using 
the results of WDN-IV and it is based on the geometric interpretation of the 3D 
plot illustrated in Fig. 27. The objective is to identify the set of solutions which 
are not very costly, which result in fewer emissions and have reasonable 
resiliency values. Such a set is considered to be sustainable and resilient for the 
design of WDN-IV. For choosing the best design, the designer has to consider the 
clients interest with regards to those three critical parameters. Depending on the 
relative importance given to these parameters, the number of alternatives could be 
narrowed down to fewer choices. Table 28 presents the ranges of objective values 
for the solution space of WDN-IV illustrated in Fig. 27. The project-specific 
constraints and user preferences are modeled in terms of percentile values of the 
three objectives. The nth percentile values for each of these objectives over the 
solution space are evaluated and presented in Appendix-C.  
A sustainable and resilient principle could be defined in terms of absolute 
values of the objectives or in terms of the percentile values. For example, in terms 
of absolute values, one sustainable and resilient principle for the design of WDN-
IV could be defined to have the following characteristics: a) life cycle costs do not 
exceed $12 million, b) life cycle CO2 emissions are less than 75 kilo-tonne, and c) 
resilience is more than 0.60. This principle is defined in terms of absolute values 
of the objectives. There exists no solution for WDN-IV that falls within these 
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absolute constraints. It can be seen from Table 28 that the maximum value of 
resilience in the solution space of WDN-IV is 0.37. Subsequently, it is not 
possible to have a system design for WDN-IV with resilience more than 0.60 as 
defined in the principle. Another way of defining the sustainable and resilient 
principle is in terms of percentile values - for example, containing the following 
characteristics:  a) the life cycle costs are less than the 70th percentile value (i.e., $ 
14.08 million), b) life cycle emissions are less than the 70th percentile value (i.e., 
78.88 kilo-tonne), and c) resilience is more than the 40th percentile value (i.e., 
0.328). These constraints are plotted as planes along with the 3D scatter plot as 
illustrated in Fig. 33. This principle is feasible for 42 solutions out of the 146 
solutions as highlighted in Fig. 34. This principle has eliminated all the extreme 
solutions for which at least one of the objectives is poor and not desirable. 
Subsequently, the user has less and only useful alternatives to choose from.  
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Figure 33. 3D scatter plot showing the constraints for a sustainable and resilient 
principle 
 
Figure 34. An illustration highlighting the solutions those qualify for a specific 
principle definition of sustainability and resilience 
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 The same approach could be used to narrow down the solutions even 
further. Various cases are defined as shown in Table 27 to illustrate this 
procedure. A base case (case #1) defines the requirement of the final design such 
that: a) the life cycle cost is less than the 60th percentile value, b) life cycle 
emissions are less than 60th percentile value, and c) resilience is greater than 50th 
percentile value. This base case results in 14 feasible solutions out of the 146 
from Fig. 27. The base case is improved in cases 2, 3, 4, 5 and 6 to obtain more 
sustainable and resilient designs. Figures 35, 36, 37, 38, and 39 highlight the 
feasible solutions for the cases 1, 2, 3, 4, and 5.  
Table 27. Sustainable and resilient principle definitions for various cases 
Case LCC < n
th 
percentile 
LCE < nth 
percentile 
Resilience > nth 
percentile 
No. of Feasible 
Solutions 
1 60 60 50 14 
2 59 59 51 12 
3 58 58 52 9 
4 57 57 53 6 
5 56 56 54 3 
6 55 55 55 0 
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Figure 35. Feasible solutions for WDN-IV for case #1
 
Figure 36. Feasible solutions for WDN-IV for case #2 
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Figure 37. Feasible solutions for WDN-IV for case #3 
 
Figure 38. Feasible solutions for WDN-IV for case #4 
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Figure 39. Feasible solutions for WDN-IV for case #5 
It can be observed from Table 27 and Figures 35-39 that the number of 
feasible solutions is decreased when the sustainable and resilience principles are 
improved in a stepwise manner from Case#1 to Case #6. Case #2 requires the cost 
and emissions to be less than 59th percentile value, whereas Case #3 requires them 
to be less than 58th percentile value. This improvement in the cost and emissions 
constraint results in a more sustainable system design. Similarly resilience 
constraint is increased from 51st percentile value in Case #2 to 52nd percentile 
value in Case #3. This improvement results in obtaining more resilient system 
designs. Scenario-5 resulted in three feasible solutions whereas Scenario-6 
resulted in zero solutions. Subsequently for the base scenario defined in case #1 
the best solutions would be the three solutions in Scenario-5 as highlighted in Fig. 
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39 and Table 28. Similarly the approach is used to obtain fewer solutions in the 
case of WDN-V. Fig. 40 highlights the feasible solutions for the WDN-V case 
where: a) LCC<55th percentile value, b) LCE<52nd percentile value, and c) 
Resilience>45 percentile value. This approach is demonstrated in this research for 
a single base case selected randomly. There could be various ways of defining the 
requirements to make systems more sustainable and resilient. Depending on the 
project constraints and user preferences, the best design can be obtained using this 
approach.  
Table 28. Range of objectives and three optimal solutions for WDN-IV 
Objective Min. Value
Max. 
Value 
Solution 
#1 
Solution 
#2 
Solution 
#3 
LCC ($ millions) 6.54 18.65 11.392 11.677 11.688 
LCE (kilo-tonne) 50 99 71.963 72.728 72.747 
Resilience 0.043 0.37 0.34471 0.34496 0.34501 
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Figure 40. Scatter-plot highlighting the feasible solutions for the chosen user 
preferences in the case of WDN-V 
6.4 Conclusions 
This chapter presented the idea of having resilience instead of reliability as 
an objective in the optimization model. Reliability has no single definition and its 
quantification is computationally intensive especially for larger networks. 
Subsequently, all popular resilience metrics for water distribution systems were 
investigated for their efficiency. It is understood from this analysis that Network 
Resilience Index (NRI) better quantifies the ability of the designed network to 
sustain mechanical failures. Subsequently, NRI is incorporated as a reliability 
measure in the multi-objective optimization framework. The three-objective 
optimization model is demonstrated in this chapter using two relatively large 
water distribution networks.  
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS 
7.1 Introduction 
Sustainability and reliability are two major aspects in infrastructure 
systems planning and management. This research develops a modeling framework 
for investigating various design alternatives for water distribution systems in 
order to make them more sustainable and reliable. Three critical parameters are 
considered as having an impact on the sustainability and reliability aspects of 
water distribution systems. These are as follows:  a) Life cycle costs, b) Life cycle 
CO2 emissions, and c) Reliability or Resiliency.  The trade-offs between these 
three parameters are investigated for the design of water distribution networks. 
For understanding these trade-offs, a multi-objective genetic algorithm 
optimization model was developed and used to design a set of benchmark water 
distribution networks with different configurations. Resiliency was considered as 
an alternative to system reliability to better represent the system’s ability to 
withstand external shocks and also to reduce the computational complexity of the 
algorithm.  The conclusions from various analyses conducted in this research are 
presented in this chapter along with their usefulness followed by a discussion of 
the limitations of this research and recommendations for future research work. 
7.2 Findings of this Research 
 Four different water distribution networks were used in this research to 
demonstrate the SRNET model. Ten scenarios were applied in investigating the 
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trade-offs between the three critical parameters under consideration. Some of the 
key findings of this research are: 
- The demonstration of the model on WDN-I confirms the assertion of 
Neelakantan et al. (2008) that the consideration of life cycle costs instead 
of capital costs in the design results in significant overall cost savings. 
Depending on the reliability considerations, the cost savings observed in 
the case of WDN-I ranged between 26-28% while that reported by 
Neelakantan et al. (2008) is 12%. 
- The increase in the life cycle costs when reliability (at least 80%) is added 
as a constraint is about 8% in the case of WDN-I. 
- The increase in the life cycle CO2 emissions when reliability is added as a 
constraint is about 13.6%. 
- The cost of reducing a tonne of CO2 emissions in the case of WDN-I is 
found to be about $3,370/tonne. 
- WDN-I is also used in this research to demonstrate the flexibility of the 
model to allow the user to define the level of reliability desired and the life 
cycle stage at which it is desired. 
- The demonstration of the model on WDN-II revealed that it costs only 
about $10.12/tonne for reduction of CO2 emissions when reliability is not 
considered, and about $46.97/tonne when reliability is a constraint. These 
values are considerably less than those obtained from the WDN-I 
demonstration. This difference can be explained by the presence of a 
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pump in the case of WDN-II. Pumps tend to contribute dominantly 
towards the emissions whereas their contribution towards the life cycle 
costs is not very dominant compared to other phases of the life cycle. 
- The additional cost of having a reliable system is found to be about 
12.62% in the case of WDN-II. This is comparable to the value of 8% 
obtained in the case of WDN-I. 
- The investigation of the most efficient resilience metric does not 
conclusively suggest the best metric. However, the Network Resilience 
Index (NRI) proposed by Prasad and Park (2004) seemed to have 
performed better overall. 
- WDN-IV is used to demonstrate the ability of the model to design water 
distribution networks considering three objectives: a) life cycle costs, b) 
life cycle CO2 emissions, and c) resilience. 
- An approach is proposed and demonstrated to choose the most sustainable 
and resilient design solution from various alternatives. 
 In conclusion, this research has identified the trade-offs between various 
critical parameters employed in the design of water distribution networks. The 
model is capable of producing various design alternatives for the user to choose 
from. Depending on the project-specific constraints and user preferences, a 
desirable solution can be selected using the model in this research. The model is 
also tested on large water distribution networks (about 2465-pipe systems) and the 
performance looks promising. This research helps in understanding the key 
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parameters for moving towards sustainable and resilient design of infrastructure 
systems. This Excel-based model is user friendly and it is easy to adopt for 
practical purposes. 
7.3 Relevance of Research 
 Water infrastructure systems cater for the basic water needs of the 
consumers. They play a major role in providing clean, safe and reliable supply at 
all times. Protecting these infrastructure systems and improving them is the key to 
economic growth, national security, social welfare and quality of life. The 
cascading affects of hurricane Katrina and the 9/11 New York terrorist attacks 
suggest that critical infrastructures, like water systems, may not be adequately 
resilient to natural and man-made disasters in addition to the demand from the 
increasing urban population and aging infrastructure systems. Water (and 
wastewater) infrastructure systems are estimated to be in a much deteriorated state 
in the United States requiring about $225 billion of investment in the next five 
years. There is a about $11 billion shortfall annually to replace our drinking water 
infrastructure systems (ASCE 2009). Diminishing capital resources have forced 
municipalities to look for cost efficient alternatives to replace the deteriorated 
water infrastructure systems. It is also estimated that the collection, treatment and 
distribution of water (and wastewater) consumes about 4% of the nation’s 
electricity and results in about 116 billion pounds of CO2 emissions which equals 
the pollution caused by 10 million cars in a year. Given these economical, 
environmental and safety concerns, both planning and management with respect 
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to installing and operating such infrastructure systems need to be considered with 
utmost care. 
 Subsequently, design innovation and optimization models for achieving 
such sustainability and resiliency objectives become rather prominent. This 
research identifies the critical parameters that affect the sustainability and 
resiliency of infrastructure systems and develops a genetic algorithm-based multi-
objective optimization model for the design of water distribution systems for 
various practical scenarios of decision making. The three parameters are 
conflicting in nature and subsequently a multi-objective optimization framework 
proved to be useful in arriving at the best design alternatives. A low cost design 
may not be very environmentally friendly or highly reliable. Conversely, a highly 
reliable design may simply not be affordable. There are a lot of trade-offs between 
these parameters and understanding them is of crucial importance in the process 
of decision making. This research tries to accomplish the objective of 
understanding these trade-offs in the systems design. Therefore, this research is 
very relevant to the needs of the day and should be expanded in the future. 
7.4 Limitations of this Research 
 The limitations of this research are: 
- The model developed in this research may not be readily used in the 
industry as it does not deal with a number of lesser constraints that are also 
taken into consideration in actual water distribution systems. An example 
of such constraints could be the minimum velocity constraint which is 
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often required to have a rather specific value in water pipelines in order to 
avoid sedimentation and accumulation. Due to the computational 
complexity of the model and in the interest of a clear illustration of the 
methodology, only the major constraints such as demand and pressure 
requirements are considered in this research. However, it would be easy to 
incorporate other constraints into this modeling approach. 
- Some of the data used in this research are based on reasonable 
assumptions due to the lack of accurate information. Some of such 
assumptions in this study are: a) Emissions from pipeline installations are 
proportional to the installation length, b) Pumps are assumed to be 
operated for 12 hours each day, c) Maintenance cost and emissions are 
estimated to be about a quarter of the operational cost and emissions, d) 
Pipes are assumed to last for 50 years without needing replacement, and e) 
Break growth rate of 0.025 is used throughout this research. While these 
assumptions are considered to be reasonable, they are not detrimental to 
the model and its performance. All these assumptions could be altered 
easily in the model if it is deemed necessary for practical applications. 
7.5 Recommendations for Future Research 
There are a lot of opportunities for further continuing the current research 
in the future. Some of the directions for future research are identified as follows: 
- The modeling time could be reduced by improving the communication 
between the water network solver EPANET and the genetic algorithm 
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model GANetXL. This largely depends on the capability of the genetic 
algorithm model GANetXL developed at the University Of Exeter, UK. 
The working time of the model could also be reduced to some extent by 
developing a better code for the integration as well as by defining and 
quantifying reliability in an efficient way. Alternatively, other types of 
optimization algorithms could be considered to obtain a similar model 
with improved performance. 
- A new resilience metric need to be developed that could efficiently 
determine the system’s ability to absorb any natural and/or man-made 
hazardous shocks. The current resilience metrics measure the additional 
power available in the network and that may not be a sufficient criterion 
for a water distribution system to be able to handle uncertainties. 
- Practical constraints could be incorporated into this model to make it 
ready-to-use by the water industry. This requires coordination with the 
industry to understand their specific requirements for the design of water 
distribution networks. 
- A major environmental impact indicator in terms of CO2 emissions is 
considered in this research. A study could be undertaken to identify 
various environmental impacts of the water systems and water distribution 
systems in particular and quantify those impacts in order for them to be 
included into the current model. 
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Besides design innovation and system modeling, future research could 
also focus on two other important aspects of sustainable and resilient 
infrastructure systems. They are: a) Sustainable and reliable materials for 
infrastructure systems, b) Policy implications of sustainable infrastructure 
systems. 
Materials play an important role in infrastructure systems. The cost, 
maintenance, durability and performance of the systems strongly depend on the 
materials used. There are already a few sustainable materials being used for 
building infrastructure systems. Plastics (such as PVC and HDPE) are among the 
most popular pipe materials being used for water applications in the industry. 
While there are many benefits of using plastic pipes, these tend to consume 
considerable amounts of energy as compared to other pipe materials. 
Subsequently, there is a need for energy efficient pipe materials for water 
applications. Further research should be carried out to complement the current 
efforts worldwide in identifying sustainable and reliable materials for 
infrastructure systems. 
Although most of the planning, construction and management of 
infrastructure takes place at a local municipality level, the influence of federal and 
state governments on infrastructure enhancement and management is substantial. 
This influence is exercised by various funding programs, regulations and 
incentives. To achieve the goals of sustainability and resiliency for our 
infrastructure systems, the policy makers need to work closely with regional 
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planners and scholars in identifying objectives and solutions as well as in building 
a framework for the chosen objectives. 
7.6 Conclusions 
Although this work has limitations in terms of practical applications in 
water infrastructure planning and management, it identifies the critical parameters 
and investigates the trade-offs between these parameters by considering various 
practical scenarios for decision making. The concepts of sustainability and 
resilience seem to exert a strong influence on decision making in critical 
infrastructure systems and this research sets a basis for investigating designs that 
are both sustainable and reliable. 
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[URBAN WATER DISTRIBUTION SYSTEM] 
 
 
[JUNCTIONS]     
;ID    ELEV   DEMAND       PATTERN           
1 0 11.461                  ; 
2 0 7.617                  ; 
3 0 7.273                  ; 
4 0 11.461                  ; 
5 0 7.617                  ; 
6 0 11.461                  ; 
7 0 7.617                  ; 
8 0 7.273                  ; 
9 0 11.461                  ; 
10 0 7.617                  ; 
11 0 11.461                  ; 
12 0 7.617                  ; 
13 0 7.273                  ; 
14 0 7.273                  ; 
15 0 7.273                  ; 
16 0 11.461                  ; 
17 0 7.617                  ; 
18 0 7.273                  ; 
19 0 11.461                  ; 
20 0 11.461                  ; 
21 0 7.273                  ; 
22 0 11.461                  ; 
23 0 7.273                  ; 
24 0 11.461                  ; 
25 0 7.273                  ; 
26 0 7.273                  ; 
27 0 7.273                  ; 
28 0 11.461                  ; 
29 0 11.461                  ; 
30 0 11.461                  ; 
31 0 7.617                  ; 
32 0 7.617                  ; 
33 0 11.461                  ; 
34 0 11.461                  ; 
35 0 11.461                  ; 
36 0 7.273                  ; 
37 0 11.461                  ; 
38 0 7.617                  ; 
39 0 7.617                  ; 
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40 0 7.273                  ; 
41 0 7.617                  ; 
42 0 7.617                  ; 
43 0 11.461                  ; 
44 0 7.273                  ; 
45 0 7.617                  ; 
46 0 7.617                  ; 
47 0 23.954                  ; 
48 0 44.135                  ; 
49 0 30.681                  ; 
50 0 11.461                  ; 
51 0 7.617                  ; 
52 0 11.461                  ; 
53 0 11.461                  ; 
54 0 7.273                  ; 
55 0 7.617                  ; 
56 0 7.617                  ; 
57 0 7.273                  ; 
58 0 7.617                  ; 
59 0 7.617                  ; 
60 0 7.617                  ; 
61 0 7.273                  ; 
62 0 11.461                  ; 
63 0 11.461                  ; 
64 0 18.188                  ; 
65 0 30.681                  ; 
66 0 18.188                  ; 
67 0 7.273                  ; 
68 0 7.617                  ; 
69 0 11.461                  ; 
70 0 7.617                  ; 
71 0 11.461                  ; 
72 0 7.273                  ; 
73 0 11.461                  ; 
74 0 11.461                  ; 
75 0 11.461                  ; 
76 0 68.65                  ; 
77 0 11.461                  ; 
78 0 7.273                  ; 
79 0 11.461                  ; 
80 0 11.461                  ; 
81 0 7.273                  ; 
82 0 11.461                  ; 
83 0 5.698                  ; 
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84 0 5.457                  ; 
85 0 10.32                  ; 
86 0 7.617                  ; 
87 0 11.461                  ; 
88 0 11.461                  ; 
89 0 7.273                  ; 
90 0 10.829                  ; 
91 0 7.273                  ; 
92 0 7.893                  ; 
93 0 7.273                  ; 
94 0 10.983                  ; 
95 0 3.864                  ; 
96 0 5.782                  ; 
97 0 7.273                  ; 
98 0 11.461                  ; 
99 0 11.461                  ; 
100 0 11.461                  ; 
101 0 7.273                  ; 
102 0 7.617                  ; 
103 0 10.756                  ; 
104 0 10.32                  ; 
105 0 7.273                  ; 
106 0 11.461                  ; 
107 0 9.874                  ; 
108 0 7.273                  ; 
109 0 11.461                  ; 
110 0 7.019                  ; 
111 0 5.491                  ; 
112 0 5.491                  ; 
113 0 10.983                  ; 
114 0 5.491                  ; 
250 0 7.273                  ; 
149 0 7.273                  ; 
300 0 5                  ; 
450 0 6.732                  ; 
135 0 7.273                  ; 
152 0 7.273                  ; 
197 0 7.273                  ; 
160 0 7.273                  ; 
 
[RESERVOIRS] 
;ID               HEAD         PATTERN          
 118              5                             ; 
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[TANKS] 
 
[PIPES] 
;ID   NOD1   NOD2  LEN      DIA  ROUGHNESS MINORLOSS STATUS  
1 1 2 53.34 101.6 130 0 OPEN   ; 
2 1 3 76.2 101.6 130 0 OPEN   ; 
3 1 7 91.44 101.6 130 0 OPEN   ; 
4 3 4 60.96 101.6 130 0 OPEN   ; 
5 3 5 99.06 101.6 130 0 OPEN   ; 
6 5 6 76.2 101.6 130 0 OPEN   ; 
7 7 8 60.96 101.6 130 0 OPEN   ; 
8 8 12 68.58 101.6 130 0 OPEN   ; 
9 8 9 68.58 101.6 130 0 OPEN   ; 
11 9 14 129.54 101.6 130 0 OPEN   ; 
12 13 34 45.72 152.4 130 0 OPEN   ; 
13 13 18 251.46 152.4 130 0 OPEN   ; 
14 14 11 76.2 101.6 130 0 OPEN   ; 
15 14 10 76.2 101.6 130 0 OPEN   ; 
16 15 16 114.3 101.6 130 0 OPEN   ; 
17 15 17 106.68 101.6 130 0 OPEN   ; 
18 18 19 76.2 101.6 130 0 OPEN   ; 
19 18 21 91.44 152.4 130 0 OPEN   ; 
20 19 20 99.06 101.6 130 0 OPEN   ; 
21 21 22 160.02 152.4 130 0 OPEN   ; 
22 21 23 76.2 254 130 0 OPEN   ; 
23 23 24 167.64 101.6 130 0 OPEN   ; 
24 23 25 83.82 203.2 130 0 OPEN   ; 
25 25 26 106.68 101.6 130 0 OPEN   ; 
26 25 28 60.96 203.2 130 0 OPEN   ; 
27 26 27 83.82 101.6 130 0 OPEN   ; 
28 26 31 68.58 101.6 130 0 OPEN   ; 
29 27 33 152.4 101.6 130 0 OPEN   ; 
30 28 29 91.44 254 130 0 OPEN   ; 
31 29 30 106.68 355.6 130 0 OPEN   ; 
32 30 250 60.96 609.6 130 0 OPEN   ; 
33 31 32 91.44 101.6 130 0 OPEN   ; 
34 34 15 30.48 152.4 130 0 OPEN   ; 
35 35 36 198.12 101.6 130 0 OPEN   ; 
36 35 40 76.2 355.6 130 0 OPEN   ; 
37 36 37 91.44 101.6 130 0 OPEN   ; 
38 36 38 76.2 101.6 130 0 OPEN   ; 
39 38 39 99.06 355.6 130 0 OPEN   ; 
40 40 41 99.06 355.6 130 0 OPEN   ; 
41 40 42 76.2 406.4 130 0 OPEN   ; 
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42 42 43 152.4 101.6 130 0 OPEN   ; 
43 42 44 60.96 406.4 130 0 OPEN   ; 
44 44 45 60.96 101.6 130 0 OPEN   ; 
45 44 47 76.2 457.2 130 0 OPEN   ; 
46 45 46 91.44 101.6 130 0 OPEN   ; 
47 47 48 45.72 101.6 130 0 OPEN   ; 
48 47 49 76.2 101.6 130 0 OPEN   ; 
49 49 50 76.2 101.6 130 0 OPEN   ; 
50 50 51 76.2 101.6 130 0 OPEN   ; 
51 52 53 60.96 152.4 130 0 OPEN   ; 
52 53 54 38.1 152.4 130 0 OPEN   ; 
53 54 55 83.82 152.4 130 0 OPEN   ; 
54 54 57 106.68 203.2 130 0 OPEN   ; 
55 55 56 83.82 152.4 130 0 OPEN   ; 
56 57 58 76.2 355.6 130 0 OPEN   ; 
57 57 60 228.6 203.2 130 0 OPEN   ; 
58 58 59 76.2 355.6 130 0 OPEN   ; 
59 60 61 167.64 101.6 130 0 OPEN   ; 
60 60 62 76.2 203.2 130 0 OPEN   ; 
61 62 63 53.34 203.2 130 0 OPEN   ; 
62 63 64 106.68 254 130 0 OPEN   ; 
63 64 65 129.54 355.6 130 0 OPEN   ; 
64 65 66 99.06 355.6 130 0 OPEN   ; 
65 67 68 60.96 101.6 130 0 OPEN   ; 
66 67 72 83.82 152.4 130 0 OPEN   ; 
68 68 69 83.82 101.6 130 0 OPEN   ; 
69 69 70 99.06 101.6 130 0 OPEN   ; 
70 70 71 83.82 101.6 130 0 OPEN   ; 
71 72 73 83.82 101.6 130 0 OPEN   ; 
72 72 76 60.96 152.4 130 0 OPEN   ; 
73 73 74 106.68 101.6 130 0 OPEN   ; 
74 74 75 121.92 101.6 130 0 OPEN   ; 
75 76 77 121.92 101.6 130 0 OPEN   ; 
76 76 86 213.36 101.6 130 0 OPEN   ; 
77 77 78 30.48 152.4 130 0 OPEN   ; 
78 78 79 68.58 101.6 130 0 OPEN   ; 
79 78 80 144.78 101.6 130 0 OPEN   ; 
80 80 81 144.78 152.4 130 0 OPEN   ; 
81 81 82 76.2 152.4 130 0 OPEN   ; 
82 81 84 205.74 101.6 130 0 OPEN   ; 
83 82 83 76.2 152.4 130 0 OPEN   ; 
84 84 85 144.78 101.6 130 0 OPEN   ; 
85 86 87 137.16 254 130 0 OPEN   ; 
86 87 88 53.34 254 130 0 OPEN   ; 
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87 87 89 83.82 101.6 130 0 OPEN   ; 
88 89 90 68.58 101.6 130 0 OPEN   ; 
89 89 91 68.58 152.4 130 0 OPEN   ; 
90 91 92 91.44 101.6 130 0 OPEN   ; 
91 91 93 68.58 152.4 130 0 OPEN   ; 
92 93 94 83.82 101.6 130 0 OPEN   ; 
93 93 95 91.44 101.6 130 0 OPEN   ; 
94 95 96 60.96 101.6 130 0 OPEN   ; 
95 97 98 83.82 203.2 130 0 OPEN   ; 
96 98 99 167.64 203.2 130 0 OPEN   ; 
97 99 100 91.44 203.2 130 0 OPEN   ; 
98 100 450 243.84 101.6 130 0 OPEN   ; 
99 101 102 68.58 101.6 130 0 OPEN   ; 
100 101 105 83.82 152.4 130 0 OPEN   ; 
101 102 103 99.06 101.6 130 0 OPEN   ; 
102 103 104 213.36 101.6 130 0 OPEN   ; 
103 105 106 68.58 152.4 130 0 OPEN   ; 
104 105 108 99.06 203.2 130 0 OPEN   ; 
105 106 107 175.26 152.4 130 0 OPEN   ; 
106 108 109 137.16 152.4 130 0 OPEN   ; 
107 108 300 304.8 101.6 130 0 OPEN   ; 
108 109 110 91.44 101.6 130 0 OPEN   ; 
109 110 111 175.26 101.6 130 0 OPEN   ; 
110 110 112 38.1 101.6 130 0 OPEN   ; 
111 112 113 160.02 101.6 130 0 OPEN   ; 
112 113 114 99.06 101.6 130 0 OPEN   ; 
113 135 35 114.3 101.6 130 0 OPEN   ; 
114 18 135 30.48 101.6 130 0 OPEN   ; 
115 149 1 121.92 101.6 130 0 OPEN   ; 
116 152 52 121.92 101.6 130 0 OPEN   ; 
117 13 152 30.48 101.6 130 0 OPEN   ; 
118 160 67 106.68 254 130 0 OPEN   ; 
119 60 160 30.48 355.6 130 0 OPEN   ; 
120 197 101 76.2 101.6 130 0 OPEN   ; 
121 97 197 76.2 101.6 130 0 OPEN   ; 
10 29 32 120 152.4 130 0 OPEN   ; 
67 32 33 130 101.6 130 0 OPEN   ; 
124 30 47 240 406.4 130 0 OPEN   ; 
125 50 46 110 101.6 130 0 OPEN   ; 
126 46 43 110 101.6 130 0 OPEN   ; 
127 43 41 95 101.6 130 0 OPEN   ; 
128 41 38 220 355.6 130 0 OPEN   ; 
129 35 37 110 355.6 130 0 OPEN   ; 
130 37 59 220 355.6 130 0 OPEN   ; 
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131 59 52 115 152.4 130 0 OPEN   ; 
132 17 96 115 101.6 130 0 OPEN   ; 
133 96 94 100 101.6 130 0 OPEN   ; 
135 94 54 90 254 130 0 OPEN   ; 
136 94 92 130 203.2 130 0 OPEN   ; 
137 92 90 70 203.2 130 0 OPEN   ; 
138 90 88 83.8 203.2 130 0 OPEN   ; 
139 88 56 250 101.6 130 0 OPEN   ; 
140 56 61 83.82 101.6 130 0 OPEN   ; 
141 6 16 155 101.6 130 0 OPEN   ; 
142 11 2 76.2 101.6 130 0 OPEN   ; 
143 20 11 90 152.4 130 0 OPEN   ; 
144 22 20 91.44 152.4 130 0 OPEN   ; 
145 24 22 76.2 101.6 130 0 OPEN   ; 
146 27 24 83.82 101.6 130 0 OPEN   ; 
147 39 66 110 355.6 130 0 OPEN   ; 
148 16 95 145 101.6 130 0 OPEN   ; 
149 86 82 137.16 203.2 130 0 OPEN   ; 
150 83 84 200 101.6 130 0 OPEN   ; 
151 79 85 75 101.6 130 0 OPEN   ; 
152 79 75 70 152.4 130 0 OPEN   ; 
153 75 71 70 203.2 130 0 OPEN   ; 
154 71 100 75 254 130 0 OPEN   ; 
155 100 104 60 101.6 130 0 OPEN   ; 
156 104 107 200 101.6 130 0 OPEN   ; 
157 107 114 250 101.6 130 0 OPEN   ; 
158 450 114 250 101.6 130 0 OPEN   ; 
159 64 108 275 254 130 0 OPEN   ; 
123 13 8 70 152.4 130 0 OPEN   ; 
134 67 97 85 152.4 130 0 OPEN   ; 
 
[PUMPS] 
;ID          NODE1     NODE2    PARAMETERS 
 122         118       250      HEAD PC3 ; 
 160         118       250      HEAD PC1 ; 
 161         118       250      HEAD PC2 ; 
 
[VALVES] 
 
 
[TAGS] 
 
[DEMANDS] 
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[STATUS] 
;ID               STATUS/SETTING 
 122              CLOSED 
 160              CLOSED 
 161              CLOSED 
 
[PATTERNS] 
;ID               MULTIPLIERS 
 
[CURVES] 
;ID               X-VALUE      Y-VALUE 
;PUMP: PUMP: PUMP: PUMP: PUMP: PUMP: PUMP: PUMP: PUMP:  
 PC3              1140         45           
;PUMP:  
 PC2              1140         40           
;PUMP:  
 PC1              1140         50           
;EFFICIENCY:  
 EF1              500          55           
 EF1              750          60           
 EF1              1000         65           
 EF1              1250         70           
 EF1              1500         65           
 
[CONTROLS] 
 
 
[RULES] 
 
[ENERGY] 
 GLOBAL EFFICIENCY   75 
 GLOBAL PRICE        0 
 DEMAND CHARGE       0 
 PUMP  122              EFFICIENCY EF1 
 PUMP  160              EFFICIENCY EF1 
 PUMP  161              EFFICIENCY EF1 
 
[EMITTERS] 
;JUNCTION         COEFFICIENT 
 
[QUALITY] 
;NODE             INITQUAL 
 
[SOURCES] 
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;NODE             TYPE         QUALITY      PATTERN 
 
[REACTIONS] 
;TYPE      PIPE/TANK        COEFFICIENT 
 
[REACTIONS] 
 ORDER BULK             1 
 ORDER TANK             1 
 ORDER WALL             1 
 GLOBAL BULK            0 
 GLOBAL WALL            0 
 LIMITING POTENTIAL     0 
 ROUGHNESS CORRELATION  0 
 
[MIXING] 
;TANK             MODEL 
 
[TIMES] 
 DURATION                        0:00  
 HYDRAULIC TIMESTEP  1:00  
 QUALITY TIMESTEP    0:05  
 PATTERN TIMESTEP    4:00  
 PATTERN START       0:00  
 REPORT TIMESTEP     1:00  
 REPORT START        0:00  
 START CLOCKTIME     12 AM 
 STATISTIC           NONE 
 
[REPORT] 
 STATUS              NO 
 SUMMARY             NO 
 PAGE                0 
 
[OPTIONS] 
 UNITS               CMH 
 HEADLOSS            H-W 
 SPECIFIC GRAVITY    1 
 VISCOSITY           1 
 TRIALS              40 
 ACCURACY            0.001 
 CHECKFREQ           2 
 MAXCHECK            10 
 DAMPLIMIT           0 
 UNBALANCED          CONTINUE 10 
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 PATTERN             1 
 DEMAND MULTIPLIER   1.0 
 EMITTER EXPONENT    0.5 
 QUALITY             NONE MG/L 
 DIFFUSIVITY         1 
 TOLERANCE           0.01 
 
[COORDINATES] 
;NODE          X-COORD    Y-COORD 
 1                97.74            -322.11          
 2                90.24            -281.84          
 3                95.86            -379.25          
 4                97.74            -399.86          
 5                124.90           -382.06          
 6                154.87           -382.06          
 7                123.96           -316.50          
 8                154.87           -309.00          
 9                144.57           -273.41          
 10               108.04           -268.73          
 11               59.34            -256.55          
 12               138.01           -336.16          
 13               185.78           -306.19          
 14               101.48           -247.18          
 15               206.39           -364.26          
 16               216.69           -396.11          
 17               235.42           -355.83          
 18               150.19           -181.62          
 19               110.85           -190.05          
 20               69.64            -200.35          
 21               137.08           -143.22          
 22               64.02            -161.01          
 23               121.07           -98.75           
 24               65.89            -115.12          
 25               113.66           -66.41           
 26               74.32            -76.72           
 27               29.36            -86.08           
 28               108.04           -41.13           
 29               97.74            -16.77           
 30               129.58           -12.09           
 31               63.46            -43.46           
 32               56.53            -13.03           
 33               21.87            -39.25           
 34               195.15           -333.35          
 35               204.51           -165.70          
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 36               259.77           -185.37          
 37               207.32           -202.23          
 38               291.09           -173.02          
 39               319.95           -165.14          
 40               194.44           -143.28          
 41               242.11           -128.85          
 42               188.75           -119.23          
 43               244.73           -103.04          
 44               179.57           -95.17           
 45               218.05           -83.36           
 46               254.79           -72.43           
 47               170.39           -63.69           
 48               141.08           -71.56           
 49               210.62           -52.31           
 50               242.98           -42.69           
 51               273.59           -33.07           
 52               267.03           -291.53          
 53               296.77           -285.85          
 54               323.89           -281.91          
 55               346.19           -277.10          
 56               375.93           -275.35          
 57               310.33           -236.43          
 58               279.28           -244.30          
 59               246.04           -252.61          
 60               378.11           -220.69          
 61               390.36           -253.48          
 62               378.99           -155.09          
 63               367.62           -117.48          
 64               358.00           -89.49           
 65               316.01           -106.11          
 66               322.57           -129.28          
 67               461.21           -211.50          
 68               484.82           -195.76          
 69               505.38           -182.20          
 70               530.74           -168.64          
 71               558.62           -151.70          
 72               472.80           -249.55          
 73               500.68           -232.60          
 74               525.82           -217.84          
 75               553.15           -203.08          
 76               483.73           -291.64          
 77               502.86           -281.25          
 78               522.54           -273.05          
 79               538.39           -261.03          
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 80               523.69           -305.63          
 81               525.28           -339.75          
 82               526.15           -381.81          
 83               557.28           -380.99          
 84               560.56           -317.10          
 85               559.74           -245.82          
 86               487.65           -358.06          
 87               436.04           -362.15          
 88               431.94           -334.30          
 89               395.08           -366.25          
 90               389.34           -337.58          
 91               348.38           -371.16          
 92               347.56           -339.21          
 93               310.70           -372.80          
 94               300.87           -303.99          
 95               277.93           -377.72          
 96               270.55           -329.38          
 97               445.87           -174.55          
 98               466.35           -158.17          
 99               487.65           -143.42          
 100              518.78           -122.12          
 101              433.58           -133.59          
 102              459.80           -118.84          
 103              490.11           -96.72           
 104              514.68           -80.34           
 105              422.93           -104.10          
 106              448.33           -87.71           
 107              487.65           -62.32           
 108              413.10           -77.88           
 109              439.31           -57.40           
 110              473.72           -35.28           
 111              424.57           -35.28           
 112              504.85           -34.46           
 113              537.62           -34.46           
 114              566.29           -35.28           
 250              156.68           -5.79            
 149              64.11            -322.01          
 300              394.26           -24.63           
 450              542.54           -104.10          
 135              177.98           -175.37          
 152              231.23           -295.80          
 197              440.95           -154.89          
 160              413.92           -217.97          
 118              205.17           29.94            
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[VERTICES] 
;LINK             X-COORD          Y-COORD 
 
[LABELS] 
;X-COORD           Y-COORD          LABEL & ANCHOR NODE 
 
[BACKDROP] 
 DIMENSIONS   0.00      0.00     10000.00      10000.00         
 UNITS           NONE 
 FILE             
 OFFSET          0.00             0.00             
 
[END] 
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APPENDIX C 
[NTH PERCENTILE VALUE OF THE OBJECTIVES FOR WDN-IV] 
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Percentile LCC LCE Resilience 
2 6.693122035 50.40479119 0.062848449 
3 6.73414183 50.50748473 0.067840307 
4 6.826489229 50.74361867 0.075811005 
5 6.854429986 50.99125131 0.085831127 
6 6.935780435 51.59296331 0.089576642 
7 7.033900974 52.02781435 0.090357305 
8 7.153449791 52.10399752 0.093906717 
9 7.216372709 52.61060413 0.098918019 
10 7.266545444 53.07070997 0.099748814 
11 7.314473128 53.46966195 0.100175873 
12 7.332730239 53.93851468 0.100690768 
13 7.357595392 54.33144908 0.102595073 
14 7.475373861 54.47260071 0.103250469 
15 7.498844919 54.72578542 0.103548204 
16 7.554586895 55.13114549 0.121239934 
17 7.590920146 55.70622501 0.200052653 
18 7.645404825 56.23818879 0.218644508 
19 7.707690673 56.81776868 0.226222626 
20 7.752664659 57.29233018 0.230640702 
21 7.890220904 57.65693022 0.235357612 
22 7.927887258 58.43523782 0.239490231 
23 7.984361266 59.12413394 0.241499096 
24 8.062244714 59.43277836 0.243017113 
25 8.088508573 59.75818413 0.243867076 
26 8.168059793 59.98690512 0.245411107 
27 8.198847373 61.29417464 0.268380268 
28 8.25693742 61.4186416 0.283679171 
29 8.286618275 61.86581959 0.305324692 
30 8.346562921 62.14657152 0.306066217 
31 8.36157722 62.45396732 0.30776042 
32 8.385677125 63.03595346 0.311701113 
33 8.487872177 63.34597595 0.316913805 
34 8.517712512 63.76099886 0.319259147 
35 8.578631568 63.99400828 0.320503448 
36 8.637497836 64.77583679 0.322037943 
37 8.725916659 65.05102414 0.324195088 
38 8.793611663 65.21547422 0.326009205 
39 8.915590737 65.53511851 0.327814966 
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40 9.000087136 65.79974267 0.32843256 
41 9.154290021 66.16127923 0.329087981 
42 9.23392103 66.43472101 0.331321649 
43 9.344219264 66.58722355 0.334114352 
44 9.488431972 66.94230822 0.334838105 
45 9.740513853 67.75807864 0.336143552 
46 10.0501016 68.52319864 0.337166764 
47 10.17993725 68.87434024 0.339047003 
48 10.43773776 69.47294328 0.339955786 
49 10.56376369 69.75503727 0.341286705 
50 10.72126152 70.19273139 0.342645728 
51 10.92305719 70.78824121 0.342851798 
52 10.97878713 70.87669697 0.343312071 
53 11.00608793 70.97193968 0.343928049 
54 11.36354048 71.88550666 0.344246729 
55 11.60607093 72.53651102 0.344893383 
56 11.71967242 72.81918568 0.345022314 
57 11.86527571 73.20560982 0.345142407 
58 11.9123392 73.30528221 0.346399404 
59 12.20005687 73.96754972 0.347473589 
60 12.55772463 74.76790422 0.348144547 
61 12.65305287 75.07221562 0.348765354 
62 12.80652682 75.55725886 0.349139587 
63 12.90052821 75.84661042 0.34967345 
64 13.10997671 76.36811152 0.35034146 
65 13.24513172 76.59715969 0.35082968 
66 13.33972545 76.8763328 0.351936815 
67 13.66155438 77.77574308 0.353497426 
68 13.94313332 78.51527618 0.353800785 
69 13.98028414 78.56101855 0.354012305 
70 14.07988984 78.87959388 0.354425158 
71 14.10719784 78.93612189 0.354926264 
72 14.18465995 79.16690976 0.355178435 
73 14.30610922 79.41542467 0.355862832 
74 14.34791948 79.45679659 0.356379789 
75 14.42138034 79.79119409 0.357135199 
76 14.5662655 80.06044738 0.357344259 
77 14.60698145 80.26910602 0.357736345 
78 14.80425602 80.73112201 0.359163149 
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79 14.91578141 81.02498145 0.359426837 
80 15.04586426 81.37076892 0.360802444 
81 15.52514581 82.61880159 0.361735192 
82 15.88046447 83.5392364 0.361989768 
83 15.93538254 83.6421555 0.362638292 
84 15.98242676 83.77506129 0.362890222 
85 16.09839621 84.06309869 0.362997801 
86 16.24004784 84.47772185 0.363273719 
87 16.27694358 84.5850794 0.363768859 
88 16.34790653 84.74458108 0.3643893 
89 16.39720223 84.8851246 0.364846012 
90 16.59965221 85.41151423 0.365281325 
91 17.36060333 95.34872659 0.365478268 
92 17.54454794 96.22995381 0.366244761 
93 17.70807666 96.68126068 0.366735751 
94 17.95878337 97.27824858 0.367012336 
95 18.01164662 97.42052881 0.367245326 
96 18.13030241 97.74302627 0.368246102 
97 18.28827932 98.13954892 0.368411809 
98 18.38811044 98.4091651 0.369203384 
99 18.52707388 98.77854523 0.369548715 
 
 
 
 
 
 
 
  
 
